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Abstract 
This thesis presents an experimental investigation of the dynamical and steady- 
state behaviour of stimulated Brillouin scattering (SBS) under cw pump conditions 
in single-mode optical fibres. Both SBS generated from the amplification of sponta- 
neous Brillouin scattering, an SBS generator, and from the amplification of a probe 
signal, an SBS amplifier, were studied. 
For the generator without feedback, both the scattered' wave and the transmit- 
ted pump were found to exhibit aperiodic behaviour under all operating conditions, 
fibres lengths between 25 m and 300 m were studied using a maximum pump power 
of 4 W, with the SBS showing approximately 100% modulation. The bandwidth of 
the chaotic SBS signal was found to be independent of the single-pass gain. The 
addition of feedback leads to the SBS and transmitted pump signals showing sus- 
tained or random bursts of quasi-periodic oscillations. The effects of varying the 
cavity reflectivity and also the pump power are shown. These were the first' exper- 
imental reports of such behaviour [HAR90, JOH91] and were found to be in good 
agreement with the theoretical work carried out by Lu and Harrison [LU91a, LU91b]. 
The output of an' SBS amplifier w. s found to dynamically follow the applied probe 
signal except in some cases of high pump and very low probe values. 
Also investigated was the creation of phase singularities in the 'wavefronts of op- 
tical fibres. Only first-order screw dislocations were observed'and'their dependence 
on the number of fibre modes present<was examined. 
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Chapter 1 
Introduction 
1.1 Nonlinear Dynamical Behaviour 
The study of nonlinear systems has shown that, as well as showing regular and 
repeatable behaviour, these may also yield unstable or even chaotic solutions in 
time and space. Chaos is the term used to describe unpredictable and apparently 
random behaviour that arises from the nonlinear nature of a system rather than 
from stochastic driving forces. The behaviour is also termed deterministic since it is 
completely described by the set of equations and the initial conditions describing the 
system. The transition from stable to chaotic behaviour follow specific well-defined 
routes that are independent of the physical properties of the system they describe 
and may occur by varying a control parameter of the system. Unlike linear systems, 
nonlinear systems must be treated in their full complexity and this usually requires 
for numerical solutions to the nonlinear equations. 
Simple nonlinear systems such as the Duffing [DUF18] and van der Pol [POL27] 
oscillators which were extensively investigated in the early part of this century have 
recently been found to exhibit chaotic behaviour when the correct control parame- 
ters are chosen [UED80, SHA81], full details of which are given by [TH086]. Lorentz 
demonstrated in 1963 [LOR63], while investigating turbulence in liquids in an at- 
1 
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tempt to aid weather prediction, that very simple low-dimensional systems even-a 
simple set of three coupled first order, nonlinear differential equations can display 
completely chaotic behaviour at certain parameter values. In general, each nonlinear 
system must be investigated individually to determine the nonlinear response and 
to verify whether chaotic solutions exist. Moreover, the behaviour of a nonlinear 
system may vary greatly with its parameters, and stationary or periodic solutions 
may prevail throughout its parameter space. Part of the approach to an investiga- 
tion into a nonlinear system is to therefore discover where in the control parameter 
range to look for chaotic solutions. 
Physical systems as diversely different as animal population dynamics and chem- 
ical reactions have been studied but many experiments are now being carried out in 
optical systems, both lasers and passive devices. " These may provide, in some cases, 
almost ideal systems for quantitative investigations due to their simplicity both 
in construction and in the mathematics that describe them. Also the timescales 
involved mean that data acquisition can occur under constant environmental con- 
ditions. The major topic studied in this thesis is the optical process of stimulated 
Brillouin scattering using single-mode optical fibres as the nonlinear medium. 
Stimulated Brillouin scattering (SBS) first observed by Chiao et al. [CH164], 
is an inelastic process which involves vibrational excitation of acoustic phonons to 
create a frequency downshifted Stokes scattered wave. SBS can be described as a 
classical three-wave interaction involving the incident pump, a generated acoustic 
wave and the scattered Stokes wave. The pump creates a pressure wave in the 
medium through electrostriction where medium undergoes a density redistribution 
in' order to minimise its free energy in the presence of the field which results in 
a change in the optical susceptibility. The incident light is 'then scattered by the 
acoustic wave to create the Stokes wave. As will be shown lateT, 'this process can 
be described by three first order, coupled differential equations and may, Under the 
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appropriate parameter values, yield chaotic solutions. The use of optical fibres allows 
experiments to be conducted with modest optical powers and under the idealised 
conditions of a steady-state pump. 
1.2 Analysis of Dynamical Behaviour 
Erratic and aperiodic temporal behaviour of the variables of any system can be trans- 
formed, using a fast Fourier transform, to give a power spectrum which is broadband 
and continuous however other features, including noise, can lead to similar spectra. 
Distinguishing between deterministic, where the behaviour is determined by previous 
causes and is completely described by a set of equations and their initial conditions, 
and, stochastic behaviour, which is usually related to random motion induced by 
thermal or quantum fluctuations, in experiments can be difficult. Power spectra 
alone provide insufficient information to determine if the aperiodic behaviour is due 
to the determinism of the nonlinear system. The analysis of the evolution of the 
trajectory mapped out in phase space may help distinguish between the two. 
Phase space is an abstract space in which a single point completely describes the 
instantaneous state of a dynamical system where the dimension of the phase space 
depends on the number of variables needed to describe the system. As the system 
changes with time this point moves through phase space and the trajectory of the 
point traces out the systems temporal behaviour to create a phase portrait. The 
term attractor is used to describe the long-term behaviour of a dissipative system and 
is a subset of the phase space. For example a fixed point in phase space represents 
behaviour which has reached a steady state while periodic attractors or limit cycles, 
where the trajectory is repeated periodically to form a cyclical orbit, represents 
periodic behaviour. Phase space portraits of physical systems expose patterns of 
motion that may be invisible otherwise. It is not necessary to measure all of the 
system's variables simultaneously to construct a multi-dimensional phase portrait 
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as this can be done using embedding theorems involving only the measurement of a 
single variable [PAC80]. 
Chaotic behaviour is characterised by an orbit in phase space which never repeats 
or crosses itself, once a system returns to a state it has been in before it therafter 
must follow the same path. This requires the orbit to be an infinitely long line 
in a finite area, i. e. the phase portrait must have fractal (fractional) dimensions. 
Fractional dimensions are a way of measuring the degree of irregularity in an object, 
see for example [GLE88]. Chaotic dynamics is described by a strange attractor - an 
attractor with fractal dimensions. A strange attractor fills a finite volume in phase 
space which is in contrast to a stochastic system where high dimensional noise fills 
all the available phase space. 
Methods of analysis of phase portraits include determination of characteristic 
exponents, attractor dimensions and entropy measurements [ECK85]. Lyapunov 
exponents are the average exponential rates of divergence or convergence of nearby 
orbits in phase space. They provide a measure of the topological qualities that 
correspond to such concepts as unpredictability providing a way of measuring the 
f" 
effects of stretching, contraction and folding of an attractor in phase space. An 
exponent greater than zero means stretching meaning that nearby points in phase 
space will separate as they evolve. Since nearby orbits correspond to nearly identical 
states, exponential orbital divergence means that systems whose initial differences 
which may not be resolved soon behave quite differently - predictive ability is lost. 
Any system containing at least one positive Lyapunov exponent is defined to be 
chaotic, with the magnitude of the exponent reflecting the time scale on which the 
system's dynamics become unpredictable. 
CHAPTER 1: INTRODUCTION 
1.3 Thesis Outline 
5 
This thesis covers research into two different topics, the first and largest being stim- 
ulated Brillouin scattering in single-mode optical fibres. Chapter 2 introduces some 
of the principles of nonlinear fibre optics including the basic theory of SBS and non- 
linear refractive index effects. This chapter also reviews the work carried out thus 
far, both theoretical and experimental, concerning the dynamical behaviour of SBS 
including Other media other than silica fibres. 1-"I 
Chapter 3 deals with the steady-state or time-averaged behaviour of SBS with 
andIwithout, feedback. Both SBS generated from the amplification of spontaneous 
emission and that produced by amplification of a Stokes signal produced elsewhere 
- an SBS amplifier - is studied. 
Chapter 4 reports the experiments carried out for SBS. without feedback, that is 
to say the open flow case, again for both SBS generated from spontaneous scattering 
and for the SBS amplifier. These results are compared to those reported in chapter 5 
for SBS with feedback. Here the dynamics of the SBS process were investigated for 
fixed reflectivity and varying pump power and also for fixed pump power and varying 
cavity reflectivity. The experimental results in these two chapters are compared-to 
theoretical results obtained by other members of the group, Weiping Lu and R. 
G. Harrison, by solving the SBS coupled wave equations which included terms to 
describe self- and cross-phase modulation between the pump and scattered waves. 
Chapter 6 describes experiments carried out to investigate the wavefront dislo- 
cations found in the mode patterns of optical fibres. These phase dislocations in the 
wavefronts are analogous to those found in the lattice planes, of crystals. Some of 
this work was carried out in collaboration with D. S. Lim. 
sýýrf 
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Chapter 2 
Nonlinear Optics and Dynamical 
Behaviour 
2.1 Nonlinear Optics and Optical Fibres 
A nonlinear optical process may be thought of as a light induced nonlinear response 
of a medium which then modifies the applied optical field as it reacts. The optical 
properties of a medium are characterised by the linear and nonlinear susceptibilities 
which depend on the detailed electronic and molecular structure of the medium. 
Silica, the major constituent of most glasses and, also of most optical fibres, is an 
isotropic medium and therefore any anisotropy of the individual molecules is av- 
eraged out because of the random orientation of the molecules. Also in molecules 
with inversion symmetry, i. e. centrosymmetric, such as Si02 an applied field pro- 
duces polarisation of the same magnitude but of opposite sign according to whether 
the electric field is positive or negative and there is no net polarisation. Conse- 
quently the second-order nonlinear susceptibility X(2) is zero for silica glass. The 
lowest order nonlinearities are due to the third-order susceptibility X(3). Although 
third-order processes are allowed in all materials, they are generally much weaker 
than second-order ones, since the third-order susceptiblity is much smaller than 
6 
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the second-order, but they can still be easily obtained particularly if the process 
is enhanced by a material resonance. Third-order processes include four-wave mix- 
ing and third-harmonic generation, parametric processes involving the interaction 
of four optical waves to' generate new frequencies, as well as both stimulated Ra- 
man and Brillouin scattering [SHE84]. Note that for efficient four-wave mixing or 
third-harmonic generation phase matching conditions must be met. The efficiency 
of a nonlinear optical process depends not only on the size of the nonlinear coeffi- 
cient and the optical intensity. but also on the distance over which this intensity can 
effectively interact with the medium. 
In bulk materials the high intensities necessary to observe nonlinear effects are 
achieved by focusing the beam into the sample, but the depth of focus and hence 
the interaction length are short. The efficiency of a nonlinear interaction in a bulk 
material is independent of the length of the nonlinear medium and in fact depends 
only on the' pump power and wavelength [IPP75]. " In contrast, ' in an optical fibre 
the spot size is maintained over the whole length of the fibre due to the waveguiding 
properties of the fibre. The interaction length in fibres is limited only by the loss 
of the fibre a, the pump power would tend to zero if the fibre was sufficiently long, 
and for the low-loss fibres currently used this may be as long as 20 km. 
Although the size of the nonlinearity in silica fibres is many times smaller than it 
is in those bulk materials commonly used for nonlinear optics, the long interaction 
length together with the high power density in the core of the fibre often allows 
experiments to be performed at lower powers than in bulk materials. This frequently 
allows cw lasers to be used, in many cases operating at modest powers; instead of 
'having to use pulsed lasers, as is often the case for bulk materials. The increase in 
efficiency of the nonlinear interaction in fibres over that in bulk materials is given 
by [AGR89a] 
fibre 
_A bulk irwöci 
(2.1) 
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at a wavelength A and'a spot radius w; assuming that 'the fibre length L is long, so 
that aL > 1. Substituting typically values for single-mode silica fibres into equa- 
tion 2.1 of A= 514.5 nm, w, = 1.7 'µm and a=4.6 x 10-3 m-1 (20 dB/km) gives 
an enhancement of N 107 over bulk materials. Hence optical fibres offer the oppor- 
tunity to study certain nonlinear effects under the idealised conditions of a steady 
state pump. 
2.2 Optical, -Fibresý 
The phenomenon of total internal reflection at the interface of two dielectric ma- 
terials has been known since the nineteenth century. The use of single dielectric 
rods to carry light was considered, but these would have been impractically small to 
accommodate only a single electromagnetic mode and would also have high losses 
at any discontinuities of the glass-air interface, for example scratches in the glass or 
dust settling on the uncovered core. It is the use of a cladding layer which has led 
to considerable improvements in optical waveguides and to the optical fibre as we 
know it today. Today's step-index circular waveguide consists of a core of refractive 
index nc, and radius a. This is surrounded by a cladding of refractive index nci 
and radius b, where b is chosen to be large enough so that the field of the confined 
modes is virtually zero at the outer edge of the cladding. The core, cladding or both 
are slightly doped so that n,, > nit and waveguiding takes place. Dopants such 
as Ge02 and P205 are commonly used to increase the refractive index of the core, 
while fluorine is used to decrease the refractive index of the cladding. The two are 
protected by a flexible plastic buffer coating which also helps to strip out radiation 
modes. 
Two parameters which characterize the fibre [ADA81] are the relative core- 
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cladding refractive difference or profile height parameter A which is defined as 
n°° - n2 c, (2.2) 
2nz 
co 
which simplifies to 
A= n`° - n`1 (2.3) 
nco 
in the weak-guidance or paraxial approximation where nc0 = ncj and A'< 1, and 
the normalized frequency or waveguide parameter V, where 
V- 
2ra 
n2o - nc1 = 
2ran,,, 
20. (2.4) 
The numerical aperture of the fibre is also governed by the core, and cladding re- 
fractive indices and 
NA = n2c, - n2i. (2.5) 
The above relationship is a useful measure of the light-collecting ability of a fibre but 
this was derived using geometric optics. As the core diameter of the fibre becomes 
comparable to the wavelength of light used, as is the case for single-mode fibres, the 
geometric ray model breaks down and full electromagnetic mode theory should be 
used. 
The number of guided modes supported in fibre and their spatial distribution 
can be found, like any other waveguide, by solving the wave equation satisfying the 
appropriate boundary conditions, see for example' [SNY83, chpt 11-13]. Due to the 
cylindrical geometry of a fibre the solutions are Bessel and modified Bessel functions 
and the exact expressions can become very complicated. ' Fortunately these can be 
simplified for weakly guiding fibres where* the profile height" parameter is' small. In 
this limit the medium is virtually' homogeneous äs' far' as polarisation effects are 
concerned and the full set of modes can be äppiöximäted by linearly polarised (LP) 
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modes, see for example [YAR85, chpt 3]. An LPj,,, mode has m field maxima along 
a radius vector and 21 field maxima round a circumference, where the fundamental 
mode is LPoi. ,- The number of modes allowed is determined by the normalised 
frequency parameter V. For a step-index fibre to be single-mode V< 2.405, and 
generally fibres are designed so that the value of V is close to 2.405: to minimise 
losses due 'to bending. This is due to the fact that as the value of V decreases 
the evanescent field penetrates further into the cladding leading to greater losses 
[SNY83]., - ýI 
Typically the profile height parameter will be of the order of 3x 10'3, or in other 
words the numerical aperture will be 0.12, so that the core radius a must be 1.6 µm 
at a wavelength of A= 514.5 nm and a= 4µm at A=1.25 µm. For a single-mode 
fibre the diameter of the cladding is typically 125 µm and the total diameter 250 pm. 
The cut-off wavelength of a fibre is the shortest wavelength which will propagate in 
the fibre as a single-mode, this can be calculated from equation 2.4 using V=2.405. 
Improvements in fabrication processes have meant that the fibre loss a has been 
reduced to '. 20 dB/km at 514.5 nm and to N 0.2 dB/km at 1.55 µm, thus allowing 
for interaction lengths of up to -20 km. When monomode optical fibres are used in 
the weakly nonlinear regime, as is the case here, the only effect of the nonlinearity is 
to modify the propagation constant ß for the guided mode. So despite the transverse 
intensity distribution within the fibre all parts of the wavefront in a single-mode 
fibre experience the same phase shift and the guided waves can be treated as plane 
waves. Therefore the transverse effects which are seen in bulk materials and are 
usually, unwanted do not appear when fibres are used. 
Multi-mode fibres are`slightly more complicated since each mode has {a differ- 
ent propagation constant and transit times through the fibre will be different for 
each modes although the difference will be small for weakly ' guiding fibres since 
kn,: < 0: 5 knco and n, o = n', i, where 
k is the propagation' number. Perturbations 
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of the waveguide such as deviations in straightness, variations in core diameter and 
refractive index variations may change the propagation characteristics of the fibre. 
This leads to energy being coupled from one mode to another and therefore reduces 
the effects of intermodal dispersion.. All the stimulated Brillouin_ scattering exper- 
iments carried out for this thesis used only the fundamental mode and therefore 
intermodal dispersion does not occur. 
2.3 Stimulated Scattering Processes 
The losses in silica fibres have now been reduced to near their theoretical limits 
determined by Rayleigh scattering and absorption. Rayleigh scattering is an elastic 
process so that the scattered light has the same frequency as the pump. The scat- 
tered flux density for this is proportional to a'4, therefore losses due to Rayleigh 
scattering are smaller at longer wavelengths. However at wavelengths longer than 
1.5 pm infra-red absorption becomes significant and germania doped fibres tend 
to have minimum attenuation around 1.55 pm. 
Elastic scattering is not the only scattering process to occur in materials and 
the incident light may cause some excitation of the material changing the electronic, 
vibrational or rotational energy levels of its atoms or molecules. Raman scattering 
occurs when the incoming photon is scattered by local molecular vibrations or by 
optical phonons, whereas Brillouin scattering involves excitation of the acoustic 
vibrational modes of the material.., The fraction of light that undergoes any of 
these spontaneous scattering processes is however very small, about 1 in 106. The 
a 
scattering is inelastic and the frequency of the scattered photons is shifted below 
or above the incident photon frequency. Photons which are frequency downshifted, 
those that give up some energy to the material, are known as Stokes photons and 
those which are frequency_upshifted as anti-Stokes photons. Anti-Stokes photons 
are even rarer than the Stokes photons since for photons to gain energy the incoming 
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pump photons must interact with a molecule in its excited state. 
The Stokes wave exists in the material initially as spontaneous scattering. This 
wave may combine with the incident wave to nonlinearly drive the material wave. 
The material wave will then cause more photons to be inelastically scattered and so 
on - this is stimulated scattering and the Stokes wave may now experience gain. 
In particular stimulated Brillouin scattering (SBS) results from the parametric 
interaction of light and acoustic waves. The light waves generate an acoustic wave 
through electrostriction which in turn causes a periodic modulation of the refractive 
index of the medium. The pump induced index grating scatters the pump through 
Bragg diffraction and the scattered light is frequency downshifted because of the 
Doppler shift associated with a grating moving at the acoustic velocity VA. 
SBS was first observed by Chiao et al. [CH164] in quartz and sapphire using a 
Q-switched ruby laser. It has also been studied extensively in a variety of liquids, 
solids and gases [KA172] and the first observations in optical fibres' were by Ippen 
and Stolen [IPP72] in 1972 using a pulsed Xenon laser. The use of very long low- 
loss optical fibres has enabled SBS to be observed at launched power levels of only a 
few milliwatts using a cw pump source [C0T82]. Using a high finesse all-fibre ring 
resonator, a resonator with low round-trip fractional intensity loss which leads to 
a significant -circulating pump power enhancement, observations of SBS have been 
made with input powers of only 65 pW [KAD88]. 
2.3.1 Conventional Theory of SBS 
The basis theory of SBS deals with the interaction of two lightwaves and a generated 
acoustic wave. These are usually written in the form of three coupled wave equations, 
see for example [SHE84, chapter 11] or [KR065, KAI72, TAN66]. 
0X (V x) 'i 
C2ä 
EP = WPµoPNL(Wp) (2.6) 
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Dx (fix) + ýz -t2 Es = wsµoPNL(ws) (2.7) 
zl 
ätß 
[_2rß_vv2]Ip 
- -V -'f (2.8) 
where n is the refractive index, c the speed of light in vacuum, E the electric field, w 
the frequency, j the permeability of free space, PNL the nonlinear polarisation and 
the subscripts P, S and A refer to the pump, Stokes and acoustic waves respectively. 
The acoustic wave is represented by the density variation Lp and has a velocity VA, 
which is related to the Young's modulus E, and the density of the material po by 
the relationship 
Eo 
VA = ii-. Po 
r1 is the acoustic phonon lifetime resulting in a spontaneous Brillouin scattering 
linewidth of LvB = rB/1 (FWHM), in bulk silica OvB, = 145 MHz [PEL75] at a 
wavelength of A= 514.5 nm and is found to vary as A-' [HEI79]. The driving force 
f is generated by the two light wave through electrostriction, a field induced density 
change which leads to a change in the optical susceptibility, where 
f= 
\2ýEo7EP " 
Es) , 
the electrostrictive coefficient -y being related to the change in permittivity e with 
density p by the relationship 
ac Po-a 
(2.9) 
(2.10) 
(2.11) 
and co is the permittivity of free space. The other two coupling terms are given by 
PNL(wP) _ 
NL 
4ir öpEsAp 
4a Bc 
EPAP` 
P 
(2.12) 
(2.13) 
.? a 
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To solve these equations in steady state conditions, (the time dependant case 
will be examined later), the slowly varying'amplitude'approximation is assumed, so 
that 
1ö2i(zý k96(z) öz2 < öz (2.14) 
where i(z) is the amplitude of the electric field. The frequencies of the three waves 
are related by the conservation of energy law, so that WA = WP - WS, and maximum 
power transfer occurs when the phase matching condition kA = kp + ks is met 
between the fields wave vectors. The frequency shift between the pump and Stokes 
waves is equal to 
WA = IkAIVA = 2VAIkpIsin(8/2) (2.15) 
where 0 is the angle between the pump and Stokes waves. This assumes the approx- 
imation jkpI NI ksl which is true because the acoustic frequency is several orders 
of magnitude lower than the optical frequencies. Therefore only the backward SBS 
process need be considered since forward SBS does not occur as the frequency shift 
is equal to zero when the pump and Stokes waves are propagating in the same 
direction. Let Ep = epSp exp(ikpz - iwpt), ES = eses exp(-iksz - iwst) and 
Lip =A exp(ikAZ - iwAt), then following the slowly varying amplitude approxima- 
tion equations 2.6 to 2.8 can be simplified to three first order differential equations 
thus 
i 
TZ + op 2kpc2 cp(e&t " 
es)isAexp(-iLkz) (2.16) 
s 
TZ 2 
ES - 2ksc2 -p(4 
t- es)Ep. A exp(-i0kz) (2.17) 
ä I'B ikA (az 
+ 
VA 
A 
4n 
A po& (ept - es)'-Epis exp(i0kz) (2.18) 
where ik = kp+ ks - kA is the phase mismatch, EP, Es and A are the slowly varying 
amplitudes of the pump, Stokes and material fields respectively and 8 represents the 
CHAPTER 2: NONLINEAR OPTICS AND DYNAMICAL BEHAVIOUR 15 
field polarisation. 
These equations are further simplified by considering the material attenuation 
coefficient I'B/VA which is usually much larger than the gain coefficient of the stim- 
ulated scattering, hence the acoustic wave excitation can be considered to be highly 
damped. In silica fibres PB/VA = 2.4 x 104 m'1, which is much larger than the Bril- 
louin gain (this is calculated later), and this allows A to be eliminated using the 
approximation 6A/bz = iikA resulting in the following solutions 
8a_ 
8z +2 
EP 
ä-2 ýP- 
where 
i2aw2 
kpC2 XB3)Iest2ep 
i2rw2 
k2XýB)I EPI2'-s sC 
p 
pt `ept " es) (06 
)]2 
47rvA 
(ap ,z 
Ek - irB/vA 
(2.19) 
(2.20) 
(2.21) 
For the backwards travelling Stokes wave to grow the gain it experiences must 
of course be greater than the loss, which means that the threshold conditions are 
given by 
ks 2 
ImXB)I ePI2 > 2' 
(2.22) 
where ImX(3) is the imaginary part of XýB). Solving equation 2.20 in the case of 
negligible pump depletion, the 'small signal regime, gives 
I Es(z)12 =I Es(1)I2e(oB-«)(l-_) (2.23) 
where Es(l) is the Stokes field amplitude at z= land the Brillouin gain GB is given 
by 
,., 
G= w () 2. (2.24) Bk ImX 
This shows that the Stokes SBS signal experiences exponential gain as it travels 
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counter-directionally to the pump. The full solutions to the steady-state equations 
accounting for pump depletion due to both fibre loss and conversion to Stokes wave 
are given in chapter 3. 
2.3.2 SBS in optical fibres 
The geometry of optical fibres helps to simplify the solution of the above equations. 
The waveguiding nature of optical fibres means that only two directions of propa- 
gation are allowed, so that a forward travelling pump wave produces a backwards 
travelling Stokes wave where the frequency difference between the two is equal to 
the frequency of the acoustic wave and is calculated from equation 2.15 by setting 
0= 180°, so that the frequency shift is 
WA 2VAn 
YB = 21 _X. 
(2.25) 
Using typical values for silica fibres of refractive index n=1.46 and acoustic velocity 
VA = 5960 ms-1, the frequency shift is calculated to be 34 GHz at a wavelength of 
A= 514.5 nm. The frequency shift is small in comparison to the pump frequency, 
here only N 5.8 x 10"3%, so the assumption that jkp) = Iksl holds. 
The expression given in equation 2.24 for the Brillouin gain can be transformed 
into the more useful form of [C0T87] 
P_ 2rn7P2 P GB _- 98 
7rw; Cif poVAL J1B ýwö 
(2.26 
where P is the pump power and irwö is the effective mode area, using the following 
substitutions and by assuming that phase matching conditions are met, . so f that 
Ok =0 and therefore kA = kp + ks 21kpl. Silica, like any isotropic solid, has only 
two independent Pockels elasto-optic coefficients, P12 and P44 which are related to 
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the change in the dielectric constant according to the relationship [HEI79] 
7= ý2(P12 + 
2P44)" (2.27) 
The pressure wave, which propagates in the positive z-direction, is longitudinal and 
is a normal mode of the fibre [TH079]. Therefore only the longitudinal coefficient 
P12 need be considered and the electrostrictive coefficient reduces to -r = n4p, 2. The 
factor K account for any polarisation scrambling which may occur in the fibre and 
is the integrated average of (4 . 8S)2 . This has the value of unity 
for polarisation 
maintaining fibre and z, for non-polarisation maintaining fibre. The value of Ove 
has been shown to be_ the same for silica fibres as for bulk silica [R0W79] where 
OvB=145MHzat A= 514.5 nm. 
Substituting typical values for these parameter in silica fibres [C0T83, PEL75], 
n=1.46, P12 = 0.256, K=z, po = 2.21 x 103 kgm-3 and vA = 5.96 x 103 ms-1, gives 
a value for the Brillouin gain coefficient of ge = 2.39 x 10-11 W-im at a wavelength 
of 514.5 nm. 
In the derivation of the above equation it was assumed that the acoustic atten- 
uation constant rB /va was much larger than the gain. The value calculated for 
rB/va was 2.4 x 104 m-1 compared to a Brillouin gain of N 1.66 m'1, for an effec- 
tive mode area of 1.44 x 10-11 m2 and a pump power of 1 W, so this assumption 
was fair. The Brillouin gain of silica is much smaller than that of materials used to 
conduct bulk SBS experiments, for example the gain of carbon bisulphide (CS2) is 
1.3 x 10'5 W-1m [SHE84],. but the long interaction length make experiments with 
fibres possible. 
Thus far the pump has been assumed to be of single frequency and infinitesimally 
small linewidth. The effect of the pump linewidth must be considered since all lasers 
have a finite linewidth. ' The SBS `gain is affected by the phase- relation between 
the pump and the Stokes wave, by the' pump linewidth and also by the ratio of 
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the pump coherence length'to the characteristic gain length of the SBS process 
[VAL86, LIC87a, LIC87b, AOK88]. 
In the case of SBS building up from amplification of spontaneous scattering the 
Stokes wave is fully correlated with the pump wave and the gain is unaffected. The 
other case is that of an SBS amplifier where the Stokes signal is produced externally 
and may not be fully correlated. The gain depends on the correlation between the 
pump and the Stokes wave and is reduced if the two become uncorrelated. 
If the pump bandwidth is small compared to the Brillouin gain bandwidth (spon- 
taneous Brillouin scattering bandwidth) then the gain is unchanged. However if the 
pump bandwidth exceed that of the Brillouin gain then this is known as broad-band 
SBS and the gain is changed. To explain the effect of a broad-band source it is 
perhaps useful to begin with the case of a pump containing only two longitudinal 
modes separated by a frequency fl. When the mode spacing fl is larger than the the 
Brillouin gain bandwidth OvB then each Stokes mode experiences gain from only its 
own pump frequency. There are no cross interactions and each frequency builds up 
independently of the other mode. If the two modes are of equal intensity this means 
that the combined SBS gain will be half of that for a single-mode pump with the 
same total intensity. The second case is when the frequency spacing is less than the 
Brillouin bandwidth, fl < OvB, there are now cross interactions between the two 
pump modes since the Brillouin gain bandwidths overlap. The strength of the cross 
interactions depends on frequency separation, see equation 2.21, and these become 
stronger as the frequency separation decreases. 
The complete solution for a broad-band pump shows that the gain is reduced to 
AV Bl 9B (2.28) 9a = Lzp + Give J 
for a pump of bandwidth Avp. So for a pump of bandwidth Avp = OvB the gain 
will be reduced to hilf of that of a narrow-band pump. 
CHAPTER 2: NONLINEAR OPTICS, AND DYNAMICAL BEHAVIOUR 19 
2.3.3 SBS Threshold Conditions 
For the SBS process to occur requires a signal at the correct frequency to be coun- 
terpropagating to the pump. In an SBS amplifier this' signal is produced separately 
and introduced into the fibre so as to be counterdirectional to the pump. However 
SBS is normally generated by the amplification of spontaneous Brillouin scattering. 
In the case of a piece of optical fibre, 'length L, 'where the pump is injected at 
z=0, the power of the backscattered Stokes signal at z=0 is given by rewriting 
equation 2.23 as 
Ps(O) = Ps(L) exp(GBLe ff- aL). (2.29) 
The term LC ff is introduced to account for pump depletion due to the fibre loss a 
and is calculated by averaging the power over the entire length of the fibre, so that 
Le!! 
L 
exp(-az)dz 
(1 - exp(-aL)) (2.30) 
Jo 
a 
For long fibre lengths, such that aL » 1, equation 2.30 reduces to L, » = I. To 
calculate the power of the Stokes signal leaving the fibre the value of the initial Stokes 
signal PS(L) must be known.. In the case of spontaneous scattering this is done by 
summing all the contributions from the spontaneous emission along the length of 
the fibre and multiplying by the gain. This is equivalent to injecting a single Stokes 
photon per black-body radiation mode falling within the Brillouin bandwidth at the 
point where the gain equals the loss of the fibre [SM172]. The threshold power, Pth 
is defined theoretically as the pump, power for which the Stokes power equalsthe 
pump power at z=0, neglecting pump depletion. This is given by: 
P: h = 21 
ßw0 
9BLe}f 
p11.1, 
ý ,, 
3 
(2.31) 
Using typical values foi silica fibres for a 100 m length of fibre with a loss of 
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6.2 x 10-3 M-1 (27dB/km) at A= 514.5 nm the a threshold power is calculated 
to be 169 mW. However for a very long piece, 13 km, of low loss fibre, 0.4 dB/km, 
operating at 1.32 pm the threshold power may be as low as 5 mW [C0T82]. In both 
cases the pump linewidth is much less than the Brillouin gain bandwidth. 
2.4 Nonlinear Refractive Index Effects 
Although the size of the nonlinearity in silica fibres is small, effects due to the 
intensity-dependent refractive index still occur. Thermal changes in the refractive 
index lead to phase changes in the carried light waves. These changes may be 
caused by heating of the fibre due to absorption, but also occur if the external 
temperature changes, this principle has been used to construct temperature sensors 
made from fibre optic interferometers [LAG81]. Self-focusing, which is observed in 
bulk materials, should also occur in optical fibres but the effects of this are very 
small since the spot size is only a few microns and any additional confinement 
due to self-focusing is negligible. Si02 is a symmetric molecule and hence X(2) =0 
and the lowest order nonlinear effects are caused by X(3). These are third-harmonic 
generation, four-wave mixing and nonlinear refraction and must have phase matching 
for efficient generation of new frequencies. 
Effects due to the intensity-dependent refractive index include self-phase modu- 
lation (SPM) and cross-phase modulation (XPM) [AGR89a, WIN86]. These effects 
are particularly important when using pulsed laser sources with the associated high 
peak powers and can lead to the production of optical solitons [MOL8O] and also to 
pulse compression [NAK81] when acting with group velocity dispersion (GVD). This 
section includes a brief description of some of this behaviour, since, as will be shown 
later, SPM and XPM may lead to a dramatic change in the predicted behaviour of 
SBS even when a cw pump is used. 
The intensity dependence of the refractive index n on the optical field E, is given 
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by 
n=n, + n2IEI2 (2.32) 
where no is the linear refractive index and n2 is the nonlinear refractive index coef- 
ficient and in an isotropic medium is related to X(3) by the relationship 
n2 
En 
X(3). (2.33) 
0 
A number of physical mechanisms can contribute to the optical field induced refrac- 
tive index, see for example [SHE84], these include electronic, arising from the distor- 
tion of electron distribution and electrostrictive, arising from the increase in density 
of the medium. In silica n2= 2.3 x 10-22 m2V-2 or alternatively 3.2 x 10-16 cm2W'1 
which is small in comparison with most other nonlinear media, for example in CS2 
n2 = 2.0 x 10-20 m2V-2 [YAR85]. 
The phase shift 0ý introduced to a wave of constant intensity travelling through 
a nonlinear medium of length L and loss a is given by 
exp (-aL) 
a 
(2.34) 
For a pulsed or modulated signal the intensity varies with time and hence the in- 
tensity modulation will cause different parts of the signal to have different phase 
shifts. This conversion of an amplitude modulation to a phase modulation through 
the nonlinear refractive index is known as self-phase modulation (SPM) [ST078]. 
If the phase is varying with time then this implies that the, instantaneous optical 
frequency differs across the pulse from its central value wo, the difference is given by 
OT 
(2.35) 
The variable frequency shift Ew can be viewed as a SPM induced frequency chirp 
CHAPTER 2: NONLINEAR OPTICS AND DYNAMICAL BEHAVIOUR 22 
which increases with propagation distance. For a Gaussian shaped pulse in silica 
optical frequencies in the leading half of the pulse are lowered, whereas those in the 
trailing half are raised but' the pulse shows no temporal broadening. The chirp is 
greatest where the intensity is changing most rapidly and so this will be larger `for 
pulses with steep edges. The dispersion in the refractive index leads to GVD so that 
the different frequency components will usually travel at different speeds leading to 
pulse broadening. 
The mode propagation constant ß can be written in the form 
ß(w)=n(w) = ßo+ßi(w-w, )+ 2ß2(w-wo)2 +... -(2.36) 
where 
rm 
Qm= Im (m=0,1,2.... 
LJ The pulse envelope moves'at the group velocity v8 = 1/ßl, while 82 is responsible 
for pulse broadening and is given by 
I d2nl 
_w 
den )2 den 
#82 =c 
[2L 
dw +w dw2 -c dw2 ~ 27rc2 daz (2.37) 
In fused silica below a wavelength of A=1.27 µm the GVD parameter ß2 is posi- 
tive, giving normal dispersion, and so the higher frequency components travel more 
slowly than the lower frequency ones leading to a linear frequency chirp. Above 
this wavelength ß2 is negative, giving anomalous dispersion, and the converse is 
true. However waveguide dispersion, which depends on the structure, dimensions 
and refractive-index profile of the fibre, shifts the zero-dispersion wavelength AD SO 
that AD = 1.31 pm for typical fibres [AGR89a]. Manipulation of the waveguide 
design makes it possible to position AD anywhere in the range of approximately 
1.25 µm to 1.60 µm [NEL85]. Acting alone GVD always leads to the broadening 
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of a transform-limited input pulse, regardless of its sign. For fibres which are long 
enough for propagation effects to be important the interplay between - GVD and 
SPM must be considered. When acting together these two effects can produce dif- 
ferent behaviour from SPM ör GVD alone, so that a pulse propagating, in a fibre 
can undergo broadening, compression, deformation or even splitting into multiple 
pulses. I 
Without dispersion SPM causes a-frequency chirp and therefore increases the 
spectral width of 'a pulse but the temporal shape and width do not change,, while in 
the absence of nonlinearity dispersion causes a Gaussian pulse to spread temporally 
while keeping its shape. Acting together SPM and normal GVD cause dramatic 
pulse shaping - SPM lowers the frequencies at the front of the pulse while increasing 
those at the rear, so that with positive GVD the front of the pulse travels faster 
than the rear and so stretches out" the pulse. If however the GVD is negative 
the high frequency components at the rear of the pulse travel faster than the low 
frequency ones at the front, the rear of the pulse catches up with the front and 
pulse compression can take place. If the pulse has the correct amplitude and shape 
the narrowing action may exactly balance the broadening and the pulse propagates 
without changing shape, i. e. a fundamental soliton. Higher order solitons may be 
used to obtain pulse compression but the resulting pulses are accompanied by a 
broad pedestal which contains a substantial fraction of the pulse energy. 
Pulse compression is however usually obtained using a fibre to obtain a chirped 
and spectrally broadened pulse which at the appropriate intensity and fibre length 
can be deformed into a nearly square pulse with more than 90% of the pulse assuming 
a linear frequency modulation. Then by propagating this pulse along a delay line 
with a negative GVD the pulse can be greatly compressed with more than 90% of 
the energy contained in the narrow peak [NIK83). The most widely used delay line 
is 'a pair of suitably aligned diffraction gratings, see for example [TRE69), where 
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the different frequency components diffract at slightly different angles and therefore 
experience different time delays during' transit. Optical pulses as short as 6 fs at, a 
wavelength of 620 nm have been achieved using this method [FOR87]. ' It is however 
possible to use optical fibres for both the pulse broadening and compression stages, 
[BL085], by suitably adjusting the waveguide dispersion. 
-Modulation- instability, the ý process in which-the amplitude and phase modu- 
lations of a wave grow as 'a results of the interplay between the. nonlinearity - and 
anomalous dispersion, have also been observed optical fibres [TA186]. Modulation 
instability manifests itself as the break-up of a continuous-wave or quasi-continuous- 
wave into a train of ultrashort pulses. Through modulation instability any amplitude 
or phase modulation may be amplified with energy being transferred from the pump 
frequency to a set of side bands causing pump to become distorted. Modulation in- 
stability has been used to generate 5 THz'repetition rate optical pulses [SUD89]. 
The refractive index can also be changed by other fields which may be present in 
the fibre, then the waves can interact through the nonlinearity to change each others 
phase, this is cross phase modulation XPM. The total nonlinear phase shift for a field 
El = El exp[i(klz - w1t)] interacting with a second field E2 = E2 exp[i(k2z - w2t)] is 
L 
01 = 1. Anl = w1Ln2[1e112 -I- 2JE212] (2.38) 
where the first term on : the, right-hand side of equation 2.38 is due to SPM and 
the second due to XPM. For XPM to occur the waves may differ in wavelength, 
polarisation or direction of propagation. Counter-propagating beams interacting 
through XPM have shown optical bistability when operating a ring cavity [SHE88] 
and have also shown modulation instability. Modulation instability due to XPM has 
been found even when both the counter-propagating beams are'in the normal-GVD 
regime [AGR89b]. Even though XPM only affects the'phase of cw beams it can lead 
to dramatic changes in the stability of the cw beams in the presence of GVD., - 
CHAPTER 2: NONLINEAR OPTICS AND DYNAMICAL BEHAVIOUR 25 
The above examples show that even though the 'nonlinearity in silica fibres is 
small it is sufficient to cause dynamical behaviour. The conventional treatment of 
the coupled wave equations for SBS ignores the effects of SPM or XPM as these 
were traditional though to be small enough to be neglected, since n2 is very small 
and the powers used are relatively low. Computational work carried out in-parallel 
to the experimental work presented here [LU91a] -shows that these terms should 
be included and the solutions to these equations leads to new dynamical-features, 
in agreement with the experimental'work in this thesis, which are not predicted 
otherwise. 
I, 
2.5 Dynamical Behaviour of SBS 
The first experimental observations of SBS in optical fibres by Ippen and Stolen 
[IPP72] showed that oscillations with a small modulation depth were present in 
both the transmitted pump and stimulated scattered signals. These oscillations, 
with a period equal to twice the transit time of the fibre, were explained as being 
due to the finite length of the fibre - the build-up of the backward Brillouin wave 
results in a depletion of the pump wave near the input end of the fibre causing the 
gain to be reduced until the depletion region has passed out of the fibre. Although 
no external reflectivity was added, a weak cavity was present due to the Fresnel 
reflectivity of the fibre end faces. Finite-cell relaxation oscillations were predicted 
by Johnson and Marburger [JOH71] and can occur whenever a forward-travelling 
pump beam causes a stimulated scattered beam in the backward direction in a finite 
medium. Again the period of the oscillations is equal to twice the transit time of 
the medium Tr, where 2T,. = 2IL for a fibre of length L. Whether the oscillations 
observed by Ippen and Stolen were relaxation or sustained oscillations is difficult to 
determine since the pump was pulsed and the pulse length was only at best eight 
times the oscillation . period. Another pulsed experiment [AND76], conducted using 
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ethanol as the nonlinear medium, reported that the depth of modulation decreased 
over the pulse suggesting relaxation oscillations. 
The theoretically predicted relaxation oscillations require no feedback, however 
steady oscillations have been seen [BAR85) with the addition of external feedback. 
By solving the conventional SBS equations with the additional boundary conditions 
required to account for the cavity they found that relaxation oscillations exist when 
no cavity was present, but with, the addition of reflectivity the relaxation oscilla- 
tions turned into steady oscillations. However if the reflectivity was increased above 
a certain level then these` again became relaxation oscillations, the period of the 
oscillations was again found to be 2Tr. Similar results were also obtained exper- 
imentally and in both cases the total reflectivity of the cavity was small, so the 
interaction of the reflected SBS and pump with the forward pump and backwards 
generated SBS could be neglected. 
If the backwards travelling wave, either the generated SBS or the reflected 
pump, is sufficiently intense then this may itself produce a counterdirectional fre- 
quency shifted beam. This has been studied theoretically by Randall and Albritton 
[RAN84] where the reflectivity is sufficiently large to produce counterpropagating 
pump beams of the the same frequency each producing its own scattered wave. They 
found that the scattered light behaves chaotically in time and that it is frequency 
shifted by both multiple and fractional harmonics of the acoustic wave frequency. 
Another theoretical study predicting chaotic behaviour was carried out by Montes 
and Coste [M0N87]. Again a second pump was used but this time the second pump 
was frequency shifted from the first pump by twice the frequency of the acoustic 
wave and no cavity was used. They found that the SBS passes a Hopf bifurcation, 
a point at which on increasing a certain control parameter, in this case interaction 
length, the systems changes from stable to to oscillatory behaviour. This becomes 
more and more anharmonic and finally chaotic for a large interaction length. Both 
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these examples are more complicated than the basic process of just one pump and 
its Stokes shifted beam - there are multiple interactions between the two pump 
waves and their generated Stokes waves which may produce many more frequency 
components. Chaotic behaviour is predicted for the basic process [BLA88] but only 
in the limit of a semi-infinite lossless medium. 
The time dependent versions of equations 2.16 to 2.18 including terms to account 
for SPM and XPM of the pump and Stokes waves are [JOH91] 
ön a_ in2wp z2 
iw, 496 A ; oks 
az +c at c 
(Iýpý + 21Ssý) + 46P 2kpC2 aP(Cpt " es)esAe- 
(2.39) 
n 
öz +c 8t 
incws (JEs12 +2 1Ep12) +2 Es 
2ksc2 8p(ePt " 
es)EPr4. e-tok: Cl) 
(2.40) 
81a rB 
_ 
ikAe, cokx az+v,, at+VA)A - vÄ r(ePles) 
epe e 
(2.41) 
The third term in equations 2.39 and 2.40 describes the phase changes in the pump 
and Stokes fields in both space and time. The response time of n2 is considered 
fast such that it adiabatically follows the electric field amplitude in time and space. 
Again the material attenuation coefficient, rB/VA, is assumed to be much larger 
than the Brillouin gain allowing the e term to be omitted. The equations can 
then normalised to allow computation work to be carried out more easily. Using the 
normalised field amplitudes of 
iAlýB 
P= p, S=esandB= 
CV 00ö3 
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the above equations become 
OP 
+ 
OP 
- iu(I P12 + 21512) + 
ý2 
= -gSB (2.42) 
är FC 
- iu(ISI2 + 21P12) + 
a2 
= gPS* (2.43) 
1 äB 
+B= PS* (2.44) 
13A aT 
where the parameters, used are 
ct zu n2wL , o, 
Z, Q= anL, QA = 
rBnL 
and, = 
y1V3nL i,, 12. 
nL Lccc rBc 
The solutions obtained to these equations by other members of the group, both 
without and with feedback, are given in chapters 4 and 5 and compared to the 
experimental ones obtained. The theory does not take into account the noise struc- 
ture of the initial spontaneous scattering which is included in other recent work 
[DIA89, BOY90, GAE91), although these authors still omit the nonlinear refraction 
terms. The results obtained by these workers are also discussed and compared to 
the experimental results. 
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Chapter 3 
Steady-State SBS Behaviour 
3.1 Introduction 
SBS can grow either from the amplification of spontaneous scattering or from an 
injected signal at the correct frequency shift to the pump - an SBS generator or 
amplifier. In both cases the steady-state behaviour of the pump and Stokes signals 
is given by the solutions of -equations 2.19 and 2.20. These can be rewritten in the 
simpler form of 
aip 
öz + crIP = -9BIPIS 
(3.1) 
äIz - als -9BIPIs (3.2) 
2an7P212K 
where gg' -2 
CApPotAL VB 
and Ip, IS are the forwards' travelling pump* and'backwards travelling Stokes in- 
tensities. " In the case of an SBS amplifier IS(L) is generated externally and so' its 
magnitude is known, but for the generator this arises from spontaneous scattering 
and is therefore generated'internally and so its size is not known. However it is pos- 
sible to estimate the size of the spontaneous scattering from the threshold conditions 
29 
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for, SBS discussed in section 2.3.3. 
30 
The full -solutions to equations 3.1 and 3.2, i. e. including the effects of pump 
depletion, in the case of a lossless medium, i. e. a=0, are given by Tang [TAN66]. 
In the case of a#0 then the solutions are [ENN69, AGR89a], again assuming pump 
depletion, 
IS(z) - 
bo() b, ) 
IP(0) exp(-az) (3.3) 
Ip(z) - 
(1- bo)G(z) 
Ip(0) exp(-az) (3.4) G(z) - bo 
where G(z) = exp 
(1- b°)g' 
(1- exp(-az)), bo = 
Is(o) 
and go = 9BIp(O)" 
(a 
IP(0) 
Figure 3.1 shows how the SBS signal builds up as it propagates backwards along 
the fibre and how the pump decays in a forward direction, these curves were ob- 
tained by solving the above equations using the values aL = 0.57, go/L = 83.3 and 
b, = 0.42 x 10'9. In this case the pump signal is depleted rapidly in the first fifth of 
the fibre since the SBS signal has by this stage become large enough to cause pump 
depletion. In the rest of the fibre the SBS signal is small and pump depletion is due 
mainly to the linear loss of the fibre. 
3.2 SBS Generated from Spontaneous Scatter- 
ing with no Feedback 
The first case to be considered is SBS generated' from the amplification of spän-, 
taneous scattering in a fibre where there is: no feedback - all reflecting boundaries' 
having been removed - and both pump and SBS signal experience only a single pass 
through the fibre. The basic experimental setup is shown in figure 3.2. ' Light from 
the laser was directed through an: optical isolator and coupled into the optical fibre 
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using a microscope objective and the input pump and generated Stokes signals are 
monitored via a beam splitter. The steady-state or time-averaged behaviour was 
obtained using a power meter which averages out any fast oscillations which may 
be contained in the SBS and the transmitted pump. 
3.2.1 Experimental Techniques 
The laser used was a cw argon ion (Coherent Innova 100-10) operating at 514.5 nm. 
The output power of the laser is actively stabilised to about ±2% rms when oper- 
ating in light regulation mode and a maximum power of around 4W was available. 
An intracavity temperature stabilised Fabry-Perot etalon was used to ensure opera- 
tion on only one longitudinal mode, without the etalon the laser operates on several 
modes and has a linewidth of 10 GHz. The bandwidth of the laser when operating 
on a single longitudinal mode depends on the temperature stability of the etalon - 
here the long-term temperature stability is approximately 0.01° C giving an effective 
laser bandwidth of 50 MHz. The instantaneous laser linewidth is much less than 
this and on a millisecond timescale is only a few 10's of kHz or less. As discussed 
in section 2.3.2 the SBS gain is found to depend on the laser bandwidth by the 
relationship 
( Avg 
9B = \AVP + AVB/ 9B- 
(3.5) 
The Brillouin bandwidth is 145 MHz at 514.5 nm [R0W79] compared to the instan- 
taneous laser linewidth of a few 10's of kHz and so the Brillouin gain is unaffected. 
The laser was optically isolated from' the experiment by a Faraday isolator (FI), 
(Burleigh Model No. 10-5-VIR), providing an isolation of N 25 dB between the 
two, although this reduces the available power since the FI transmits only about 
70% of the incident power. In carrying out SBS experiments in optical fibres other 
types of isolation have been used - commonly a quarter wave plate and polarising 
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Figure 3.1: SBS build up and pump decay in an optical fibre 
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beam splitter combination. The isolation is required: for two reason, firstly the 
generated SBS signal produced is counter-propagating to the pump and so travels 
back towards the laser. The Stokes signal is frequency shifted from the pump by 
34 GHz and therefore should be out of the laser's gain bandwidth and should not 
affect the lasing action. However the Stokes signal is reflected from the laser's output 
coupler and may then be relaunched into the fibre. If this occurs there would a strong 
frequency shifted signal travelling codirectional to the pump which can lead to the 
generation of multiple orders of Stokes and anti-Stokes frequencies [HIL76a, LAB8O] 
through parametric four-wave mixing. It has been shown [A0K88] that a quarter 
wave plate and polariser combination may not provide sufficient isolation due to the 
polarisation scrambling which can take place in the fibre, so a non-reciprocal isolator 
such as a Faraday isolator must be used. The second reason for the isolator is that 
part of the pump may be reflected from the fibre end faces back into the laser causing 
the laser to become unstable leading to large fluctuations in the output power. This 
can be simulated by simply placing a mirror in front of the laser and reflecting the 
output back into the cavity. This was done using a beam splitter to sample the 
laser output and the results are shown in figure 3.3 which clearly shows the large 
oscillations caused by external feedback. 
Light is coupled into and out of the fibre using microscope objective lenses. When 
launching light into a fibre the optimum conditions are achieved by matching the 
numerical aperture (NA) of the lens used to that of the fibre giving the optimum 
beam spot size. The NA of the fibres used was typically 0.11 or 0.12 and that of a 
x 10 objective is 0.25 when fully filled. However the laser beam diameter was only 
3 mm and so the lens was not completely filled and so has a lower NA so that the 
numerical apertures are well matched. When the input beam was carefully set up 
to be central to the lens launch efficiencies of up to 80% were possible. The launch 
efficiency and the fibre loss were measured using the traditional `cutback' method. 
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Figure 3.3: l; ust, il, le laser output caused by external feedback (time is I ins/div) 
The power through a known length of fibre is measured, then without altering the 
launch the length is cutback to a few tens of centimeters and the power is again 
measured. The power transmitted through this short piece divided by the input 
power gives the launch efficiency and the d; fference between the first and second 
measurements allows the fibre loss to be calculated if the length is known. 
Another factor which must he obtained is the effective mode cross-sectional area, 
oA ff. Fr a step-index fibre the mode can be approximated by a Gaussian and the 
area is simply 7rwö, where wo is the 1/e field radius. An empirical formula has been 
derived [MAR78] which allows wo to be calculated from the core radius a and the 
normalised frequency parameter V. For a step-index fibre this is 
W, 
= 0.632 +1` 
28 
+ 
4.76 (3.6) 
a 
V6 
and the relationship holds for 1.5 <V< oo. Figure 3.4 shows how the ratio w0/a 
varies with V, depending on the wavelength of the light used wo may be greater or 
less than a, showing that more of the power contained in the mode is transmitted 
through the cladding at small values of V. To use this relationship a and the NA 
of the fibre must be known, however it is possible to measure Ae ff experimentally 
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without knowing either of these. This can done by placing an aperture of a suitable 
size in the diverging beam exiting the fibre at a known 'distance z and measuring 
the power with and without the aperture giving its transmittance. For a Gaussian 
beam the transmittance through an aperture of radius r is 
T= 1- exp -22z (3.7) 
W 
where w is the beam radius at a distance z from the fibre and is connected to w, by 
the relationship, _. 
w2 = wý; 
zz 
and z, irw; /a. 
zo. 
Normally z/z, »1 so that 'w is given ' by 
w= xA (3.8) 
7w, 
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Since z, the distance between the fibre and the 'aperture, can be measured it is 
simple to solve for w,. The fibre used in most of the experiments in this thesis has 
a core radius of 2.4 pm and a NA of 0.11 which gives a value for wo of 2.14 pm and 
A, fj of 1.44 x 10711 m2 at A= 514.5 nm. Experimentally w, was measured . to 
be 
2.16 pm giving very good agreement with the analytical result., , 
This fibre (LTI) is actually manufactured to be single-moded at helium-neon 
laser wavelengths and so the transmitted mode here is usually, a combination of the 
two lowest order modes, LPOI and LP1I. The higher order mode is easily removed by 
putting a few tight bends near the input end of the fibre or by carefully choosing the 
launch conditions and the transmitted mode shows only the near Gaussian profile of 
the fundamental mode. This fibre was used for cost reasons but similar results were 
achieved when the experiments were repeated using both true single-mode (SM 450) 
and single-mode polarisation-maintaining argon-ion fibre (HB 450). Full details of 
all the fibres used in the SBS experiments are given in appendix A. 
This section is concerned with SBS when there is no feedback so the small amount 
of reflectivity caused by the fibre end faces must be removed. Basically this can be 
done in two ways - index matching or polishing the fibre ends to an angle. The first 
method is the one which was used here simply because it was found to be quick 
and successful, although sometimes a little messy. A small reservoir was made to 
hold the index matching liquid, both glycerol and liquid paraffin were used, fronted 
by a microscope cover-slip at a small angle. A relatively large amount of fluid was 
required to stop any burning occurring due to the large intensities used. The end 
of the fibre was placed a few millimetres from the cover-slip which further reduces 
the reflectivity. The refractive index of glycerol is 1.4735 at 20'C for sodium light 
[CRC85] which will not be very different at 514.5 nm so the reflectivity is reduced 
to N3x 10-3% and the fibre was index matched at both ends to remove completely 
any cavity effects. Index matching gel is often used in fibre experiments and usually 
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has a refractive index closer to that of the core. This was not used since it was not 
found to scatter the incident light when used in the quantities required to stop any 
burning. 
Polishing the end of the fibre to a small'angle from the normal is also a successful 
way to eliminate reflections. This works because the light is reflected at an angle 
such that it is not guided back down the fibre. If the fibre axis is at an angle 
of 0 radians to a front surface mirror of reflectivity R then the fraction p of the 
incident power that is successfully coupled back into the fibre can be approximated 
by [MAR86] 
p= Rexp(-kýiw; O2) (3.9) 
where k, j is the propagation constant in the cladding. For an angle of only 3° 
p=0.018R for the fibre used, therefore an angle of only a few degrees is needed and 
this does not significantly affect the launch efficiency which is also true of the first 
method. 
The spectral content of the signals was examined using a Fabry-Perot interfer- 
ometer, either using a scanning Fabry-Perot and a detector to produce the usual 
oscilloscope traces or using a non-scanning interferometer with a divergent source 
to produce ring patterns on a screen. Parameters such as the free spectral range 
and the finesse of the Fabry-Perot were not measured and therefore the frequency 
shift of the scattered light was not calculated. Perhaps this was an experimental 
oversight but such measurements have been carried out by numerous other people, 
with no reported irregularities, and the experiments carried out here showed that 
the backwards scattered signal was frequency shifted from the pump and there was 
no reason to doubt that this was the Stokes component at the appropriate frequency 
shift. The real purpose of these experiments was not to measure the frequency sep- 
aration of the pump and Stokes components but only to show how many frequency 
components were present. 
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3.2.2 Steady-State Characteristics with no Feedback 
The threshold conditions for an SBS generator is as given in equation 2.31, 
PTH = 
21A, ff (3.10) 
9BL. ff 
where the interaction length is L, ff = 
ä(1- 
exp(-aL)). 
This is the power required to give a small-signal Stokes gain which in the absence of 
pump depletion would amplify the weak spontaneous Brillouin Stokes to a level that 
implies total conversion of the pump wave. This is a purely theoretical definition 
and cannot in practice occur as pump depletion must occur to amplify the Stokes 
wave to such a level. For practical purposes the threshold power is the maximum 
laser power that can be launched into the fibre before the effects of SBS become 
detectable. Fortunately although these are two entirely different definitions the 
difference between the theoretical threshold based on small-signal theory and the 
experimental threshold based on detectability is small enough to be neglected. The 
amplification of a fictional Stokes intensity at the far end of the fibre, z=L, IS(L) 
by an input pump intensity Ip(O) in the small-signal, where no pump deletion, is 
considered, to output Stokes intensity Is(O) is given by 
Is(O) = Is(L) exp(IP(O)9BLej f- aL). (3.11) 
Substituting equation 3.10 into 3.11 gives 
Ps(L) = PTx exp(aL - 21) _ 
gBLe/f 
exp(aL - 21): (3.12) 
ff 
Using the value for, gB calculated in section 2.3.2 of 2.4 x 10-11 W-1m the size 
of the spontaneous Brillouin signal is about 2.21-x 10-10 W for a fibre length of 
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100 m, an effective core area of 1.44 x 10-11 m2 and a fibre loss a=5.7 x 10-3 m-1 
(25 dB/km), these parameters corresponding to fibre LTI. The threshold power is 
calculated by summing all the contributions from the spontaneous scattering along 
the length of the fibre and so the size of this fictitious spontaneous `input' signal 
obviously depends on the fibre length and effective core area. Using this as the 
probe signal it is now possible to show how the SBS and transmitted pump powers 
change with input pump power by solving for Is(O) and Ip(L) in equations 3.3 
and 3.4. These results together with the experimental ones using fibre LTI for the 
same fibre length are shown in figure 3.5 giving the saturation and gain depletion 
characteristics of the process. 
At low pump power the SBS signal shows no real gain and is very small, too 
small to be seen experimentally and the transmitted pump experiences only linear 
loss due to the loss of the fibre. At about 0.1 W the reflected signal becomes large 
enough to be detected experimentally but this is due'mostly to spurious reflections 
from optical components and so the experimental curve is a little higher than it 
should be. A little above this power threshold is reached, the SBS signal "grows 
exponentially and the pump signal starts to show depletion due to its conversion to 
SBS. The pump depletion causes the gain of the process, ggIP, to decrease and so the 
rate of increase of the Stokes signal decreases as the pump power is further increased. 
At high powers it can be seen that the transmitted pump power saturates and shows 
no significant increase with increasing pump power and the SBS continues to grow 
but at a decreasing rate. Therefore the maximum power that can be transmitted 
by an optical fibre is limited by the process of SBS. 
Figure 3.6 shows how the SBS threshold power decreases with increasing fibre 
length for the same fibre used above. The close agreement of the experimental 
points to the theoretical curve plotted using equation 3.10 and the agreement shown 
in figure 3.5 shows the suitability of the values chosen to calculate gB. The effective 
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interaction length of the process, Leli, reduces to 1/a for long fibre lengths such 
that aL »1 and so the threshold power for long fibres is determined by the fibre 
loss a and not the fibre length. The threshold power for a long fibre is given 
by PTH = 21A, ff a/g8 i for the fibre used here this is calculated to be 72 mW. 
However for a low-loss fibre the interaction length is much longer and hence the 
threshold power is much lower leading to a much smaller maximum power that 
can be transmitted by the fibre. The maximum single frequency power that can 
be transmitted by a long optical fibre may be limited to only a few mW by SBS 
[UES81] with detrimental effects to communications systems where narrow pump 
bandwidths are used. 
3.3 SBS in a Cavity 
The previous section studies SBS in an open-flow situation, the addition of feed- 
back, whether by using external mirrors, by coating the fibre ends or merely from 
the natural Fresnel reflections of the air/glass interfaces changes the steady-state 
behaviour of the process. 
If Rl and R2 are small, then the interaction between the forward travelling 
reflected Stokes beam and the backwards travelling pump is much smaller than 
the interaction between the incident signals and can therefore be neglected. Also 
the reflected pump is not strong enough to produce its own Stokes signal. Again 
studying the small signal regime where there is no pump depletion due to con- 
version to SBS, - the reflected pump travelling in the forward direction at z=0 
is IP(O)R1R2 exp(-2aL) after: one pass, see figure 3.7. This is much smaller than 
the incident pump Ip(O). The Stokes signal again builds up from the amplifica- 
tion of spontaneous scattering and the backward travelling Stokes signal at z=L 
is Is(L)Ri R2 exp(g0Le ff- 2aL) after one pass. This however may be larger than 
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Figure 3.7: SBS build up in a Cavity 
Is(L) and the Stokes signal may build up by amplifying this signal rather than the 
spontaneous noise signal. After n-passes through the fibre (or any Brillouin medium) 
the Stokes signal at z=0 can be derived as 
IS O= IS L ex L aL 
1- (RI R2 exp(goLe jj- 2aL)" 3.13 () () P(9o ff -) 1- R1R2 exP(g0L. ff - 2aL) 
() 
So the threshold for gain is given by R1R2 exp(goLejr - 2aL) = 1, similar to that 
for a laser resonator. 
3.3.1 Steady-State Characteristics in a Cavity with Natu- 
ral Reflectivity 
Using the experimental setup shown in figure 3.2 the index matching was removed 
and a cavity formed using only the natural reflectivity of the cleaved fibre ends. 
The reflectivity at either end is approximately 3.5% but its exact value depends on 
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how normal and uniformly the cleave is made. If the cleave is not exactly normal 
then some of the reflected light will not be guided back along the fibre and any 
non-uniformity will cause light to be scattered at the interface. Careful cleaving 
using one of the modern cleaving tools available will result in the a reflectivity close 
to the Fresnel limit. 
The effect of adding reflectivity was to reduce the SBS threshold, -increase the 
SBS conversion efficiency and reduce the saturation level for the transmitted pump. 
Figure 3.8 shows experimental curves for the transmitted pump and SBS comparing 
the cases with and without cavity, again for a 100 m piece of LTI fibre with an 
effective core area of 1.44 x 10'11 m2. The two sets of curves show similar behaviour 
with the cavity set shifted to the left (lower power) due to the lower threshold power 
caused by adding reflectivity. 
The effect of adding a cavity seems to produce the same effects as increasing 
the Brillouin gain therefore using the threshold value for the cavity experiment 
in equation 3.10 a value for the effective Brillouin gain can be calculated. For a 
100 m piece of fibre where a=5.7 x 10'3 m'i and effective cross-sectional area 
1.44 x 10-11 m2 the threshold power is about 100 mW when the cavity is formed 
by natural reflectivity compared to 165 mW when there is no cavity. The Brillouin 
gain is therefore enhanced by a factor of around 1.65 to give an effective gain of 
3.97 x 10-11 W-1m. Using this value to produce theoretical SBS and transmitted 
pump characteristics shows good agreement with the experimental results presented 
earlier, see figure 3.9. 
3.4 SBS Amplifier 
Perhaps the best way to study the theory of SBS is to use an oscillator-amplifier 
arrangement. An SBS amplifier produces gain by amplifying a probe signal at 
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the Stokes frequency shift from the pump which, is generated externally and then 
introduced into the amplifier so as'to be counter-propagating to the pump., In this 
case the signal was produced using an SBS, generator with reflecting' boundaries 
which under the correct operating conditions will produce a stable dc Stokes signal, 
the details of the operating conditions required and, the full temporal behaviour of 
this probe signal are given later in chapter 5. 
Identical fibre was used in the generator and the amplifier to ensure that the 
probe signal had exactly the correct frequency shift. Using another fibre would 
have meant a frequency mismatch due the Brillouin shift depending on the fibre 
parameters. 
ý. ;a 'n aý-ý,; 
3.4.1, Experimental Arrangement 
The experimental setup used is shown in figure 3.10. The pump signal was divided 
between the amplifier and generator either using a 70/30 beam splitter or a holo- 
graphic grating. The grating divides the input power between the zeroth order and 
one of the first order with very little power going into any of the other orders. The 
ratio in which'the beam is divided depends on the angle of grating to the incident 
beam so that at the appropriate angle almost all of the power can be directed into 
one of these orders thus allowing the beam to be divided in any ratio required. These 
devices are used in the production of holographic attenuators since the power in the 
zeroth order can be attenuated by 18dB with very little beam deviation since the 
grating needs only to be rotated a few degrees [RED88].. _: f4":? ,: 
All possible feedback routes between the amplifier, generator and, laser, must be 
removed. It was therefore necessary to use a second isolator to stop the pump pass- 
ing through the amplifier entering the generator and causing the probe to, become 
unstable. This time 
-a 
home-made Faraday isolator was used, the magnetic field be- 
ing provided by an electro-magnet which allows the isolator to be used for more than 
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one wavelength. Unfortunately the Faraday rod used was anti-reflection coated for 
1.06 µm and therefore has quite a large reflectivity at 514.5 nm, this did not cause 
any feedback problems, since the rod can be place at an angle, but it did reduce the 
maximum probe signal available. 
Using a long fibre in the generator, the longest available was 134 m, means that 
a stable probe signal can be produced using as little of the pump power as possible, 
again fibre LTI was used. This leaves most of the pump power for characterising the 
amplifier. The amplifier fibre was index matched at both ends to remove all cavity 
effects. 
3.4.2 Brillouin Gain in an SBS Amplifier 
The Brillouin gain depends upon the relative polarisation states of the pump and 
Stokes fields. This polarisation dependence is accounted for by the factor K in 
equation 2.23 which means that in the case of SBS generated from the amplification 
of spontaneous scattering the gain halved and threshold power is therefore twice as 
large in fibres where the polarization state is completely scrambled than when it is 
maintained. However ordinary single-mode fibres neither completely scramble nor 
maintain the polarization, typically about 70% of the transmitted light will have 
the same polarisation as the input. Therefore when considering a Brillouin amplifier 
the gain will depend on the angle between the polarization of the pump and probe 
fields even if ordinary single mode fibre is used. Horiguchi et al. [HOR89] show 
that the gain for polarisation maintaining fibre when the pump is launched along 
one of the birefringent axes of the fibre is maximum when the pump and probe have 
the same polarisation and is almost zero when the angle between the two is 90°. 
Between these points the gain Is found to follow a cos(20) d ependency, `where 9 is 
the angle between the pump and probe polarisations. When the pump is launched 
at an angle of 4511 to axis the gain' is about half of the maximum gain and varies little 
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as the angle between the pump and the probe polarisation is changed. However for 
ordinary single-mode fibre the gain was found to follow the relationship 
9B = G(1 +A cos(20)) (3.14) 
where G is the average gain and A is the amplitude of the gain variation normalised 
by the average gain G. Figure 3.11 shows how the SBS power varies as the pump 
polarisation is rotated using a half-wave plate. The half-wave plate changes the 
polarisation of the light it transmits by twice the angle it is rotated through. So 
rotating the wave plate through 45° rotates the probe polarisation through 90° 
and the gain characteristics repeat every 90°. Also plotted in this figure is the 
curve P=3.85(1 + 0.35 cos(20)), this does not exactly follow the experimental curve 
probably due to the gain saturation being larger when the gain is largest, i. e. when 
the pump and probe are of the same polarisation or perhaps due the beam-splitter 
showing some degree of polarisation dependent reflectivity. This leads to a smaller 
value of G being calculated and so the curves to not match completely. 
3.4.3 Steady-State SBS Amplifier Characteristics 
The gain characteristics for an SBS amplifier are found by solving equations 3.3 
and 3.4. Figure 3.12 shows how the SBS power varies with probe power for different 
pump powers, (a) showing the experimental curves and (b) the theoretical ones for 
a amplifier fibre length of 100m. These curves show similar trends but not a one to 
one correspondence. Experimentally the probe power was difficult to keep constant 
due to variations in the output power of the Brillouin generator used. Also the 
value of gB used to evaluate the theoretical curves may not be correct due to the 
angle between the pump and probe polarisations being arbitrary, this was however 
54 
kept constant throughout the. experiment. The experiment was conducted at pump 
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Experimental Theory 
P=3.65(1 + 0.35cos (20)) 
CHAPTER 3: STEADY-STATE SBS BEHAVIOUR 
0.5 
0.4 
0.3 
3 
0 0 
Cl) 0.2 
CD 
0.1 
n 
49 
0.123W 0.153W 0.200W 0.306W 0.408W 0.510W 
r. r 
_"r"r. 
r rrr"~ 
r rr 
r'T 
-- 
..... 
.............. 
................................... 
............................. 
"... Q..................... 
0 0.001 0.002 0.003 
Probe Power (W) 
(a) 
0.004 
0.6 
0.5 
0.123W 0.163W 0.200W 0.306W 0.408W 0.510W 
o. a 
0.3 Ö 
CL 
C13 
V) 0.2 
----------------------------------- 
0.1 
oý 
0 0.001 0.002 
Probe Power (W) 
(b) 
0.003 0.004 
Figure 3.12: Gain characteristics for a SBS amplifier : (a) experimental and (b) theoretical. 
Showing the variation of SBS power with probe power for different pump powers. 
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powers which are above threshold for this fibre length - this was done to obtain SBS 
signals which were large enough to measure. Even so the injected pump signals are 
much larger than the probe due to spontaneous scattering so this should not affect 
the results. 
To compare the amplifier characteristics to those for SBS building up from spon- 
taneous scattering figure 3.13 shows the SBS output power against pump power 
for various probe signals. The curves show that the amplifier is operating in the 
saturated regime where the pump is heavily depleted and the output power (SBS 
power) varies almost linearly with both pump and probe power. Operating in this 
area means that the gains obtained are modest, typically only 100 to 200, but the 
conversion of pump to SBS is large with 75% of a 0.5 W pump being converted to 
SBS using a4 mW probe signal. 
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3.5 Conclusions 
The steady-state SBS coupled rate equations can be solved to show 
how the the 
Stokes signal grows at the expense of the pump. Calculating the intensity of a'probe' 
signal from the threshold conditions allows the characteristics of 
SBS generated from 
spontaneous scattering to be produced. The spatial 
distribution of the powers within 
the fibre shows that the both SBS and pump are at their maximum at the entrance 
of the fibre, z=0, and then decay rapidly. The SBS signal 
has'a threshold power 
determined by the Brillouin gain and interaction length. Above this power the SBS 
signal grows exponentially at first, but then the rate of increase slows due to the 
decrease in gain caused by pump depletion. SBS severely attenuates the transmitted 
pump signal and at high powers limits this to a power determined by the effective 
interaction length and gain of the fibre. Adding a cavity, even a poor one, around 
the system increases the effective Brillouin gain and therefore increases the SBS 
conversion efficiency and decreases the threshold power. Apart from the increased 
gain the steady-state SBS behaviour with and without a cavity are identical. 
In an amplifier the gain depends on the angle between the pump and probe po- 
larisations, even in ordinary non-high birefringent fibres. This is found to follow a 
cos(29) relationship, where 0 is the angle between the pump and the probe polari- 
sations. Operating in the saturated regime, where the pump is heavily depleted due 
to the high SBS conversion efficiency, the amplifier output was found to vary almost 
linearly with both pump and probe power. 
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Chapter A 
Temporal Behaviour of SBS with 
no Feedback, 
4.1 Introduction 
The previous chapter dealt with the steady-state behaviour of the SBS process, now 
the temporal behaviour is investigated in the absence of external feedback for both 
the SBS generator and amplifier. The use of optical fibres allows this to be done 
in the ideal conditions of a cw pump. Details of the data acquisition procedures 
are given and the results obtained are compared to the theoretical ones which were 
obtained by solving equations 2.39 to 2.41 [LU91a). 
4.2 SBS Generator 
The experimental arrangement used here is the same as that detailed in section 3.2 
except photodiodes were used instead of a power meter. Again the fibre was index 
matched at both ends to remove all cavity effects. 1 11 
The detectors used (D1, D2 and D3) were simple biased, photodiodes, type 
BPX-65, with typical-rise times of 0.5 ns, giving a bandwidth of 700 MHz (using the 
52 
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relationship rise time x bandwidth = 0.35), and a cut-off frequency of 500 MHz. 
These together with an oscilloscope (Tektronix 7104) allow the temporal behýviour 
of the signals to be studied. The available information may often be clearer when 
viewed in a frequency domain rather than in time, a spectrum analyser (HP8590A) 
was available for spectral analysis. To achieve the required resolution the sweep time 
of the spectrum analyser used was relatively long, 1.2 s for a resolution bandwidth 
of 30 kHz, so if the signal is changing over this time, as was often the case, then 
the spectrum will contain elements of all the different temporal behaviours. Phase 
portrait reconstruction can also be achieved directly by using the oscilloscope in x-y 
mode and plotting the SBS against the transmitted pump signal. The oscilloscope 
has an intrinsic delay between the two channels of 50 ns which can be altered, if 
required, by adding a delay line made from coaxial cable of the required length in 
the appropriate position. These facilities allowed the temporal, frequency and phase 
space behaviour to be examined directly in the laboratory. 
4.2.1 Data Acquisition and Processing 
In parallel to the above facilities a transient digitiser (LeCroy 8828C) was also used 
to capture and transfer data to a Masscomp computer for subsequent processing 
and analysis. The LeCroy 8828C is an 8-bit single channel digitiser and has a range 
of data sampling rates available between 5 ns and 320 ns with normally 16K points 
being recorded. A suite of computer programs allowed time series, frequency spectra 
and phase portraits to be constructed from the digitised points. ' 
Power spectra are formed by taking the fast Fourier transform of the time series, 
hence the frequency span is determined by the sampling rate At, span = 1/20t'and 
the resolution by the number of data points n used, resolution ='1/nLt. Using a 
sampling rate of 5 ns and 16K points a span of 100 MHz and'a resolution of 12.2 kHz 
are achieved. When . recording 
data it is important that the sampling rate is fast 
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Figure 4.1: Digitised sine waves 
enough compared to the period of the observed waveform or information may be lost 
and the recorded waveform may be distorted. The fastest sampling rate available 
is 5 ns and the shortest period observed is about 30 ns giving only, about 6 points 
per period. The effect of reducing the number of digitisation 
e 
points, per. period was 
studied using a signal generator to produce a sine wave which, was recorded and 
the time series then reconstructed to show if distortion, had occurred. The results 
are shown in figure 4.1 using sine 5waves of 
frequencies (a) 5 MHz, (b) 10 MHz, 
(c) 20 MHz and (d) 40 MHz. 
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As the frequency'was increased and fewer points per period were digitised the 
reconstructed sine waves become more distorted and the recorded waveforms begin 
to look `sharp'. A frequency of 40 MHz corresponds to 5 points per period, similar 
to the fastest frequency experimentally observed, and the reconstructed sine waves 
are clearly deformed. The power spectra generated from this set of data are shown 
in figure 4.2. The Fourier transform of a perfect sine wave should show only a 
single frequency, but the signal generator unfortunately does not provide a perfect 
sine wave and hence the power spectra, even those examine&using the spectrum 
analyser, show harmonics of the fundamental frequency. The harmonics are much 
smaller than the fundamental frequency, typically N 30 dB less. Although the time 
series may become distorted as the frequency is increased the power spectra seem 
to remain unaffected. In fact a Fourier transform may be conducted under certain 
circumstances with as few as 2 points per period. 
Since some of the data to be recorded contains waveforms with periods of N 30 ns 
the time series will be slightly distorted and some of the very high frequency compo- 
nents may be lost but the power spectra should be unaffected. Data processing such 
as the spline fitting of points may help to smooth the data but the only satisfactory 
way to correct the digitised data is to increase the sampling rate which, with the 
digitiser used, is not possible. However comparison of the digitised data and that 
directly from the oscilloscope shows that the distortion is not too great. 
It is possible to construct a multi-dimensional'phase portrait from measurement 
of a single variable V(t) [PAC80], 'sampled at intervals tk by plotting, V(tk) against 
V(tk + r) for k=1... n where r is'the delay time. The value of r can in principle 
be chosen almost arbitrarily for an infinite amount of noise free data. However, for 
a finite amount of data of finite resolution" there is an optimum choice of r which is 
found by trial and error. As can clearly be seen in figure, 4.3, changing the value of 
T rotates the phase portrait in phase's ace. This shows a limit cycle type behaviour 
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Figure 4.2: Fourier transforms of digitised sine waves 
constructed from a digitised 5 MHz sine wave using 3000 points, varying r by 10, in 
this case, rotates the phase portrait through 90°. This is similar to Lissajous figures 
where the phase difference is varied. The phase portraits may also suffer distortions 
due to the fact that they are created from time series., 
4.2.2 Digitisation Optimisation 
When sampling a bipolar signal'the digitiser requires anrinput of between -255 mV 
and -255 mV. To get . this 
voltage from the photodiodes unfortunately meant that 
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Figure 4.3: Phase portrait rotation by varying r 
amplifiers had to be used. These have a bandwidth of -300 MHz and therefore 
amplify the signal satisfactorily but they introduce some extra noise to the signal. 
The amplifiers also add a dc off-set to the signal which can be removed using a 
capacitor to block the dc component leaving only the ac part for digitisation. 
The digitiser has an'8-bit resolution meaning that the digitised points can have 
integer values between -127 änd '128. `To gain the best resolution clearly this digi- 
tisation window `should be entirely filled by'making the input voltage as large as 
possible between -255 mV and +255 iiiV without saturating either' the detectors or 
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amplifiers. The signal was not always bipolar and in some cases was almost totally 
positive meaning that only half of the. digitisation window could be used. The size of 
the signal to the detectors also changes as the laser power, and hence the SBS and 
transmitted power, was increased and so the digitisation window was not always 
optimised. The amplifiers cause a background digitisation noise of 5 units which 
varies slowly compared to the frequencies of the signals recorded. Typical signals 
were about 100 units giving a signal to noise ratio of 20 to 1. Since the digitiser 
has only one channel simultaneous recording of the SBS and the transmitted pump 
signals was not possible. 
4.3 Temporal SBS Behaviour 
The laser produces a stable dc steady-state input signal which was monitored at 
D2. Figure 4.4 (a) shows the clean square waveform of the chopped input signal. In 
contrast to this the SBS signal was found to show sustained aperiodic oscillations 
with modulation depths of almost 100% under all operating conditions including 
those close to threshold. This was also found to be the case for all the various 
fibres and lengths investigated, between 25 m and 300 m, with only the threshold 
powers changing. Figure 4.4 also shows representative recordings of the chopped 
signal for (b) the SBS signal for a pump power close to threshold, (c) at a higher 
power together with (d) the transmitted pump at the higher power all for a 200 m 
piece of fibre LTI. 
Figure 4.4 (b) shows the chopped SBS signal for a launched power of 0.12 W, 
close to the threshold power of N 105 mW. The signal consists of a large modu- 
lated portion and a small unmodulated part. The unmodulated part of the signal is 
due to spurious reflection from uncoated optical elements, probably the microscope 
objective and cover-slip. As the pump power is increased the SBS signal grows 
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Figure 4.4: Temporal recording of (a) the chopped pump, (b) and (c) the SBS and (d) the 
transmitted pump signals, (time scale is 1 ms/div throughout). 
exponentially while the reflection increases only linearly. Hence the SBS signal for 
the higher launched power of 0.33 W, figure 4.4 (c), is now much larger than this 
reflection and the signal shows almost 100% modulation. Figure 4.4 (d) shows the 
transmitted pump signal for the same power. The ratio of the stable portion of the 
waveform to the modulated part gives a measure of the SBS conversion efficiency, 
in this case N 35%. The expanded time scale used in figure 4.5 (a) shows clearly the 
stable nature of the pump signal contrasting with the aperiodic behaviour of both 
(c) the SBS and (e) the transmitted pump signals corresponding to the chopped 
signals shown in figure 4.4 (c) and (d). The power spectra of the SBS and the 
transmitted pump traces (d) and (f) both show pure broadband features with no 
discrete frequencies, the SBS having a bandwidth of -45 MHz FWHM. The tem- 
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Figure 4.4: Temporal recording of (a) the chopped pump, (b) and (c) the SBS and (d) the 
transmitted pump signals, (time scale is 1 ms/div throughout). 
exponentially while the reflection increases only linearly. Hence the SBS signal for 
the higher launched power of 0.33 W, figure 4.4 (c), is now much larger than this 
reflection and the signal shows almost 100% modulation. Figure 4.4 (d) shows the 
transmitted pump signal for the same power. The ratio of the stable portion of the 
waveform to the modulated part gives a measure of the SBS conversion efficiency, 
in this case - 35%. The expanded time scale used in figure 4.5 (a) shows clearly the 
stable nature of the pump signal contrasting with the aperiodic behaviour of both 
(c) the SI3S and (e) the transmitted pump signals corresponding to the chopped 
signals shown in figure 4.4 (c) and (d). The power spectra of the SBS and the 
transmitted pump traces (d) and (f) both show pure broadband features with no 
discrete frequencies, the SBS having a bandwidth of -45 Mllz FWIIM. The tem- 
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Figure 4.5: Temporal behaviour and power spectra of the pump, SI3S and transmitted pump 
signals power, (time scale is 100 ns/div and frequency span is 400 MHz, resolution bandwidth 
30 kliz and sweep time 1.2 s). 
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poral recordings in figure 4.5 have a time scale of 100 ns/division and the power 
spectra have a span of 400 MHz, a resolution bandwidth of 30 kHz, a vertical scale 
of 10 dB/division and the centre frequency is set as 0 Hz. 
Time series and power spectra generated from digitised data show the same 
features. It should be remembered that only the modulated part of the signal can 
recorded because of the dc blocking capacitor. Also when comparing the power 
spectra those formed from the digitised data are taken over a much shorter time 
than those using the spectrum analyser, only - 82 its compared with 1.2 s for the 
analyser. 
Figure 4.6 shows the times series, power spectrum and phase portrait taken from 
digitised recordings of the SBS signal and figure 4.7 for the transmitted pump using a 
sampling rate of 5 ns. These results are for 100 m of LTI fibre and a launched power 
of 570 mW. The time series are scaled in units of the single-trip time of the fibre, 
Tr where T,. = n, 0L/c and the power spectra in units of the single-trip frequency 
11T,. For this fibre length and a core refractive index nc ,,, = 
1.46, T,. = 487 ns which 
is , 97 data points and 1/T, = 2.05 MHz. 
Traces (a), which are constructed from 400 data points, clearly show the aperiodic 
behaviour, while traces (b) show a longer section of the time series constructed from 
4000 points. The phase portraits are reconstructed from 2000 points and -r =1 
and 3 for figures 4.6 (c) and 4.7 (c) respectively. These both exhibit an outward 
spiraling and folding motion which is particularly evident if the temporal evolution 
of the trajectory is followed as the phase portraits are constructed on the computer 
monitor. The two phase portraits essentially mirror each other due to the parametric 
nature of the interaction. Both the time series and especially the phase portraits 
look `sharp' and `pointed' for the reasons stated in section 4.2.1. The power spectra 
are like the ones recorded in the laboratory and show only broadband features with 
no discrete frequencies. ' .. 
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Figure 4.6: Digitised data showing (a) times series for 400 points, (b) time series for 4000 points, 
(c) Phase portrait and (d) power spectrum for the SBS signal from a 100 m fibre and a pump 
power of 570 mW. 
.; These features were found to be independent of the pump. power with only the 
signal amplitude changing. Figure 4.8 shows the time series and corresponding power 
spectra for the SBS signal on increasing, the pump power from 0.18. W to 1.08 W. 
The period of the oscillations show no change -and the power spectra also show 
little. difference with the bandwidth staying the same at all powers. The single-pass 
intensity gain of the Stokes field G is defined as ....  
G 9BPL'» (4.1) Aqj' 
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50 
where the terms in equation 4.1 have their usual meanings and the value G must 
equal 21 for the SBS to reach threshold. Assuming that a pump power of 0.18 W 
is close to threshold this means that the bandwidth of the SBS was found to be 
constant for 21 <G <N 125. According to equation 4.1 the single-pass gain can be 
changed by altering the fibre length, although not shown here this was, found not 
to change the temporal behaviour of the SBS. The bandwidth was also found to be 
Jt rr 
independent of the value of the single-pass intensity gain. 
Broadband noise may also show the same broadband power spectra and although 
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the phase portraits are not suggestive of a stochastic process full interpretation 
of these results should include some analysis of the phase portraits, for example 
measurement of the attractor dimensions, entropy or Liapunov exponents [ECK85]. 
Only then can the process be confirmed to be stochastic or deterministic. An at- 
tempt to calculate entropy measurements of the attractor was undertaken by another 
member of the group but has not yet been completed. The slow sampling rate and 
hence the poor quality of the reconstructed phase portraits may cause attempts to 
measure the attractor entropy to be unsuccessful. 
4.3.1 Comparison with Theoretical Results 
The theoretical results presented here were obtained by other members of the group 
by solving equations 2.39 to 2.41, [LU91b]. The SBS is assumed to grow from 
a single frequency at the correct Stokes shift from the pump injected at C=1, 
(z = L). Parameter values were chosen to agree with those for the single-mode fibres 
used here. The value selected for the nonlinear refractive index, n2, is particularly 
important since the XPM and SPM terms which promote the dynamical behaviour 
are dependant on n2. Figure 4.9 shows the effect of increasing the nonlinear refractive 
coefficient, u, while keeping the other parameters unchanged. The SBS intensities 
shown in figure 4.9 are normalised to the pump intensity by the relationships given in 
section 2.5. When u is small the SBS is stable and is approached through a transient 
relaxation oscillation of period 2T,., figure 4.9 (a), agreeing with the early work of 
Johnson and Marburger [JOH71]. On increasing u the waveform undergoes a series 
of bifurcations with the evolution of new, frequencies corresponding to successive 
harmonics of the round-trip frequency, figure 4.9 (b) to (d). On increasing u these 
periodic and quasi-periodic signals show a gradual spectral broadening which finally 
develops into fully chaotic behaviour, figure 4.9 (e). In experiments the value of u 
cannot be changed without affecting the Brillouin gain because n2 is fixed by the 
CHAPTER'4: TEMPORAL BEHAVIOUR OF SBS WITH NO FEEDBACK 66 
0.75 
o. s°1 
(a) 
0.25 
0.00 
i2 2ý O 36 
"e 
1 . °° -ºI2Tr I- 
. 75 
0.50 
(b) 
0.00 
'2 24 36 "B 
z °7°' Z0.30 ' .< (C) 
3.2s 
24 36 06 
0.50 
(d) 
0.25 
00 
0 12 24 36 +6 
1.00 
0.73 
0.50, 
0,25 
30 
TIME 
Figure 4.9: Theoretical temporal evolution of SBS intensity on increasing the nonlinear disper- 
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material and only one wavelength could be used and changing the fibre length or 
the pump power changes the value of g. Experimentally the only control parameters 
are fibre length and pump power, therefore to allow better comparison of the theory 
and experiment the intensity rather than the value of u should be varied. This was 
done and the solutions are shown in figure 4.10. 
Close to threshold, figure 4.10 (a) and (b), the SBS was found to exhibit regular 
 
periodic emission. Steady dc SBS emission was only found in a small operating 
region very close to threshold which was found to decrease as the effect of nonlinear 
dispersion was increased. Increasing the pump power again sees the SBS developing 
into fully chaotic behaviour, figure 4.10 (e) and (f). 
Figure 4.11 shows the time series and the power spectra for the SBS and the 
transmitted pump corresponding to values used in figure 4.10 (e) after the tran- 
sients have been allowed to decay. Comparing these results to the experimental 
ones, figure 4.6 and 4.7 shows some agreement but also some differences. Theory 
predicts periodic oscillations very close to threshold which were not found exper- 
imentally. Also the power spectra of the SBS and transmitted pump both show 
discrete frequencies on a large broadband shoulder whereas the experiment shows 
no discrete frequencies. The phase portraits do' however show: the same outward 
spiraling and folding trajectory with the pump signal phase portrait being an in- 
verted form of the SBS and chaotic dynamics dominate with modulation depths of 
-100%. -y 
4.4 Photosensitive Effects ýýý 
In the blue-green region of the spectrum optical fibres frequently exhibit peculiar 
transmission characteristics where the transmitted power changes nonlinearly with 
input power and , 
is sometimes seen to change with time. This induced loss and 
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Figure 4.11: Theoretical time series and power spectra for SBS and transmitted pump signals. 
The parameters are as for figure 4.9 (e). SBS intensity is in normalised units. 
nonlinear transmission has been associated with the formation of color centres, de- 
fects in the crystalline structure of the fibre, through two-photon absorption and is 
linked to the germania dopant in the fibre 'core [P0Y88, MIZ91]. Such effects have 
been observed in single-mode fibres at 514.5 nm using cw powers of a few hundred 
milliwatts - conditions identical to those used here. 
Counter-propagating beams from a single longitudinal mode argon laser have 
been found to induce a periodic index change in the core of germania doped silica 
fibres [HIL78b]. In these experiments light was launched into a short piece of fibre, 
1 m, with the Fresnel reflection at the air/glass interface providing the counterprop- 
agating beam. Using a pump power of 1W the reflected signal was seen to rise from 
4% to 44% over a period of 9 minutes. Such an experiment was carried out, with a 
FREQUENCY '' 
0.7011 1' 1III 
0a= 
TIME 
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set-up similar to that shown in figure 3.2, using a1 in piece of LTI fibre and a pump 
power of 1W but no increase in reflected power was observed over a 30 minute pe- 
riod. Even though fibre LTI has a germania doped core the dopant concentration is 
less than that in the fibres usually used to carry out such experiment, 5% compared 
to typically 20%. 
Although the formation of gratings was not observed it would be thought that 
color centre formation should still occur leading to the fibre loss increasing with 
time and that this should also have happened to all the fibres used in the SBS 
experiments. These processes are slow, they occur over timescales of many minutes, 
and it is therefore thought that they will not interfer with the dynamical behaviour 
of the SBS which occurs in the timescale of nanoseconds. The major effect that is 
expected is an increase in SBS threshold as the fibre loss increases but for a 40 m 
piece of LTI fibre, most of the experiments were conducted with similar lengths, even 
if the loss doubles from 25 dB/km to 50 dB/km this only reduces the interaction 
length and hence the threshold power by 10%. So although these processes many 
cause significant changes to experiments carried out with long fibres their effects 
here are only small. 
4.5 Temporal Behaviour of SBS Amplifier 
Using the experimental setup shown in figure 3.10 the temporal behaviour of SBS 
generated by an amplifier was also studied. The SBS oscillator part of the amplifier 
can produce, under suitable pumping conditions, an almost stable dc output using 
a piece of fibre without index matching - full details of this are given in chapter 5. 
Figure 4.12 shows an example of such a probe signal, a stable dc signal which 
contains only infrequent spikes of modulation. This was obtained using a launched 
power of N 360 mW and a 130 m piece of LTI fibre. The spikes are typically less 
than 0.1 ms long at intervals of typically 10 ms, although the probe signal may 
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Figure 4.12: Example of probe signal, (time scale is 1 ms/div). 
become less stable than this and contains longer bursts of periodic behaviour due 
to drifting of the launch conditions of the oscillator. This too can be useful to show 
whether the amplifier output dynamically follows the input but can be avoided or 
at least reduced by careful choice of the pump power to the oscillator. 
The size of the probe signal introduced into the amplifier fibre was varied simply 
by changing the launch conditions with the maximum probe power available being 
a few niW's. Amplification of the probe signal could still be seen even when the 
probe signal itself was too small to be detected with the detectors used. To study 
the SBS process in the absence of feedback the fibre in the amplifier was again index 
matched af both ends to prevent any cavity effects. 
The amplifier can be operated in two distinct, two areas - either the pump power 
is below the threshold power for SBS to be generated from spontaneous scattering so 
that, in the absence of a probe signal there is no SIUS signal or when the pump power 
exceeds threshold and there is an SBS signal even without a probe. The threshold 
power, as shown previously, depends on the fibre length and I3riIlouiii gain. 
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4.5.1 
 
Operation below threshold 
The simplest of these two cases should be when the pump power is less than threshold 
and there is no SBS signal when the probe signal is zero. The threshold power 
for a 100 m piece of LTI fibre is approximately 145 mW when both ends of the 
fibre have been index matched. The input beam from the laser was divided such 
that sufficient power was available to the oscillator while the amplifier pump was 
still below threshold, in this case the amplifier pump power used was N 130 mW. 
Figure 4.13 (a) shows the signal detected at A, see figure 3.10, in the absence of a 
probe and the very small signal is due only to spurious scatter of the pump while 
figures 4.13 (b) to (f) show the SBS signal as the probe is increased. The SBS shows 
only the slow modulations and spikes which are present in the incident probe and 
no additional dynamics where seen. This was shown clearly by viewing the probe 
and SBS signals simultaneously on the oscilloscope. This was found to be the case 
for all the probe powers used, from the maximum available of N4 mW to probe 
powers so small that the SBS signal was barely detectable, and for all pump powers 
up to threshold. 
4.5.2 Operation above threshold 
Operating the amplifier with a pump power greater than threshold means that even 
when the probe power is zero there is an SBS signal. At small probe values the SBS 
output is a combination of the signal due to amplification of the probe signal and 
also of the spontaneous scattering. As the probe is increased the SBS power due 
to the probe will increase while that due to spontaneous scattering will remain the 
same. The proportion of the SBS signal due to spontaneous scattering will therefore 
decrease as the probe is increased. The experimental results support this argument 
and the SBS outputs for increasing probe power operating above threshold are shown 
in figure 4.14. 
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Figure 4.13: SI3S amplifier output for increasing probe power operating below threshold for 
amplified spontaneous scattering, (time scale is 1 rns/div). 
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Figure III: SUS amplifier output for increasing probe power, operating above thresholds for 
amplified spontaneous scattering, (time scale is 1 ms/div). 
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Figure 4.14 (a) shows the signal for a launched power of - 450 mW and is similar 
to that shown in figure 4.5 for the SBS generator. As the probe power was increased, 
figure 4.14 (b) to (d), the depth of modulation decreases and for a large probe signal 
of a few mW's, figure 4.14 (d), the SBS signal looks exactly like the probe and the 
depth of modulation is very small. 
4.5.3 Comparison with Theoretical Results 
The theoretical results presented in section 4.3.1 were obtained using a probe value 
of 10-12 to 10-14 W. The dynamics achieved do not depend on whether this 
signal is due to spontaneous scattering or is in fact a true probe signal, but as the 
probe was increased above this value the temporal behaviour began to change and 
for large probe values the chaotic dynamics disappeared and only dc operation is 
predicted theoretically. The probe power at which this occurs depends on the fibre 
length, Brillouin gain and pump power. 
This leads to the question being asked why chaotic behaviour was not observed 
experimentally when using the amplifier with a pump power below threshold. When 
the probe power is very small the pump power must be very close to threshold to 
obtain, an SBS signal which can be detected and the output is therefore a mixture 
of amplified probe and amplified spontaneous scattering. When a probe power was 
used so that the SBS signal due to the probe was much larger than that due to 
spontaneous scattering the theory predicts only a dc output. This was also found to 
be the case experimentally. So unfortunately the experiment cannot be conducted 
with the pump power required to produce a detectable signal from a probe signal of 
sufficiently low power to cause chaotic behaviour without also causing part of the 
SBS signal to contain amplified spontaneous scattering. 
M1 . 4, r 
c, i 
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4.6 Conclusions 
In the absence of feedback it has been found that SBS generated from the ampli- 
fication of spontaneous scattering by a cw pump shows aperiodic behaviour with 
approximately 100% modulation depths. This response was found under all operat- 
ing conditions investigated with neither oscillatory or dc operation being found. The 
bandwidth of the power spectra of the SBS was found to be N 44 MHz (FWHM) 
and was found not to vary with the single-pass gain. The transmitted pump was 
also found to behave aperiodically - here the depth of modulation increases with 
pump power and gives a measure of the SBS conversion efficiency. 
These results are believed to be the first experimental reports of such behaviour 
[HAR90]. Power spectra and phase portraits constructed from the SBS and trans- 
mitted pump signals are suggestive of chaotic dynamics but no precursor routes to 
chaos were found. Theoretical results show a quasi-periodic sequence to chaos on 
increasing pump power with periodic behaviour being predicted close to threshold. 
The theoretical model however takes no account of the spontaneous nature of probe 
signal and treats it as a single Stokes shifted frequency injected at the far end of 
the fibre. The full model should include terms to describe this as well as the XPM 
and SPM terms. Perhaps if this is done then the periodic behaviour predicted at 
low pump power will be masked by `noisy' emission caused by the stochastic form 
of the probe. 
Recent work by other workers [BOY90, GAE91J, solving the standard coupled 
wave equations, includes a Langevin noise source term in the material equation. 
This describes the thermal fluctuations in the density of the medium that leads to 
spontaneous scattering. Unsurprisingly they found that the SBS signal is aperiodic - 
it would be expected that the amplified version of a noisy signal would also be noisy. 
They also found that the inclusion of nonlinear dispersive terms in their model does 
not change their results. So in the absence of feedback they concluded that the 
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noise term dominates, however, as will be shown in the next chapter, the addition 
of feedback changes the temporal behaviour drastically and this behaviour can only 
be accounted for by including nonlinear dispersion terms. 
An SBS amplifier operating below threshold for amplification of spontaneous 
scattering to occur shows no chaotic behaviour and only amplifies the probe signal 
applied. Above threshold the SBS signal is a mixture of that due to the applied probe 
signal and that of spontaneous scattering. As the probe power is increased the probe 
contribution dominates and eventually the SBS signal has the same appearance as 
the probe. Theoretically this behaviour is also predicted when the probe signal 
exceeds a critical value determined by the pump power, Brillouin gain and fibre 
length. Experimentally the amplifier can only produce a detectable output which is 
a mixture of amplified spontaneous scattering and amplified probe when the probe 
signal is as small as that used to obtain the theoretical chaotic dynamics. 
In the chapter 3 it was seen that SBS limits the power that can be transmitted by 
an optical fibre. This chapter shows a further problem to be overcome for communi- 
cations in that, in the absence of feedback, the transmitted signal will also contain 
a modulated portion - the depth of modulation depending on the SBS conversion 
efficiency - however this can be solved in the following way. Instead of trying to send 
the signal directly down the fibre an SBS amplifier set-up should be used where the 
probe is used as the signal. If sufficiently large the probe will show no modulation 
independent of the pump power and in addition, instead of suffering attenuation the 
signal will be amplified. 
Chapter 5 
Temporal Behaviour of SBS with 
Feedback 
5.1 Introduction 
The inclusion of feedback does not significantly change the steady state behaviour, 
as was shown in chapter 3, the only effect being an increase in the effective Brillouin 
gain resulting in a drop in the threshold power and an increase in the SBS conversion 
efficiency. However, the results presented in this chapter will show that the addition 
of feedback dramatically alters the temporal behaviour of the process, even the 
small amount of feedback provided by the natural reflectivity of the fibre end faces 
being sufficient for this to occur. The effects of varying the pump power for a fixed 
reflectivity and varying the reflectivity for a constant pump power are now examined. 
5.2 Natural Reflectivity 
The reflectivity at normal incidence of the fibre end face should be given simply by 
the Fresnel reflection. However, as was explained in section 3.3.1, if the fibre cleave is 
not made perfectly normal and flat the reflectivity will be reduced. The reflectivity 
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Figure 5.1: Reflected signal (a) below and (b) close to threshold, (time scale is I ms/div). 
can be measured using a short piece of fibre, for example 20 cin, index matched at 
the front end and measuring the transmitted and reflected power. For fibre LTI, 
where nýo = 1.158, the Fresnel reflection at normal incidence is 3.5% compared to 
the experimentally measured value of 3.3 ± 0.5% showing that careful cleaving of 
the fibre will give a reflectivity close to the Fresnel limit. 
5.2.1 Temporal Behaviour 
Again the same experimental setup as that shown in figure 3.2 was used, but this 
time no index matching was done and both ends of the fibre were cleaved carefully 
to give as large areflectivity as possible. Below threshold the reflected signal is the 
coil ihination of the reflections from the front and rear fibre interfaces and the signal 
shows slow (millisecond), deep modulations. This was caused by the interference 
pattern drifting through maxima and minima as the optical path length of the weak 
Fahre-Perot formed changes due to the temperature dependence of the refractive 
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index. The depth of modulation depends on the relative sizes and overlap of the two 
contributions - the two parts will not perfectly overlap if the front face is cleaved at 
an angle and the fibre loss causes the signal reflected from the rear to be attenuated. 
Figure 5.1 (a) shows an example of this together with (b) an example of the SBS 
signal for a pump power just above threshold both using a 40 m piece of LTI fibre. 
Any slight drift in the pump power around this region will either take the SBS below 
threshold or lead to a relatively large increase in the SBS signal, hence the slight 
instability in the pump power is passed on to the SBS which comes in bursts and 
gaps. The effect is also accentuated by the relatively poor stability of the laser at 
low operating powers. 
Near to threshold the SBS signal again shows almost 100% modulation with 
the dc contribution caused by reflection of the pump from the fibre end, but this 
time the temporal behaviour is periodic with the oscillations having a period of 
2n, 0L/c - the 
fibre round-trip time - and the transmitted pump also shows these 
oscillations. Examples of the oscillations in the SBS and transmitted pump are 
given in figure 5.2. Figure 5.2 (a) shows the oscillations in the SBS for a fibre length 
of 23 m, 2n, 0L/c = 225 ns, and figure 5.2 (b) shows an example of the oscillations 
in the transmitted pump this time for a fibre length of 100 m where the period is 
approximately 975 ns. 
Figure 5.3 illustrates how the form of the chopped SBS signal changes as the 
pump power is increased from 0.25 W to 1.10 W for a 40 m length of LTI fibre. 
As the pump power is increased from threshold the SBS signal begins to show a 
small, slow modulation together with the addition of a small dc contribution not 
due to reflected pump. The modulation depth and the dc portion increase with 
pump power and the signal starts to show definite deep pulsations with short dc 
regions between. Further increasing the pump leads to the pulsations becoming 
shorter and their separation grows until the SBS signal is almost entirely dc with 
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Figure 5.2: Round-trip period oscillations in (a) SBS and (b) transmitted pump, (time scale is 
(a) 100 ns/div and (b) 500 ns/div). 
only occasional spikes of oscillatory motion. The signal between the spikes still has 
a definite thickness which is not entirely due to amplifier noise and has an aperiodic 
appearance when viewed in an expanded form. 
These features were also captured using the digitiser, see figure 5.4, but unfor- 
tunately the dc contribution was lost when the amplifier off-set was removed. The 
sampling rate was set to 320 ns to allow as larger time interval to be examined 
as possible, in this case - 5.25 ms, but this meant that the internal details of the 
modulations were lost. Close to threshold, figure 5.4 (a) the SBS signal shows an 
erratic modulation due to the small variations in the pump power leading to large 
changes in the SBS. As the power is increased, figure 5.4 (b) to (d), the depth of 
modulation increases until the signal eventually becomes almost dc, figure 5.4 (e). 
The separation of the spikes continues to increase until, in this case, at a pump 
power of 1.20 W the signal again starts to shows periodic oscillations, figure 5.4 (f). 
The frequency composition of the SBS and the transmitted pump was deter- 
('ll. ll'7I: li :;: 11:. 111'U1ý. 1L ß1: 11.11"1O1,1( M., . h'13. ß 11'! 
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Figure 5.3: Variation of SI3S with natural reflectivity on increasing Piunp power: (a) 0.25 W, 
(h) 0.40 W, (c) 0.45 NV, (d) 0.66 NV, (e) 0.88 NV and (f) 1.10 W, (time scale is I nis/div). 
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Figure 5.4: Modulations and pulsations in SBS caused by the addition of feedback 
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mined at the various powers using a plane-plane Fabry-Perot interferometer. Below 
threshold there is of course only one set of rings which were seen both in the trans- 
mitted and reflected signals. Increasing the pump power above the SBS threshold 
sees the generation of a second set of rings which were seen both in the backwards 
and also the forwards direction; caused by the reflection of the SBS, and the second 
set were outside the set caused by, the pump. At a pump power corresponding to 
figure 5.4 (f) a weak third set of rings were seen in the backwards but not in the 
forwards direction. The Fabry-Perot used did not allow the frequency of this new set 
of rings to be establish but since the new set were again found to the outside of the 
first-order it was thought that the new frequency was second-order Stokes. Work by 
Labudde et al. and Hill et al. [LAB80, HIL76a, HIL78a] show that it is possible to 
generate multiple Stokes and anti-Stokes frequencies in the presence of feedback by 
a mixture of SBS and four-wave mixing (FWM). Although these experiments were 
conducted at much higher reflectivities than those used here their results should still 
hold. 
Second-order Stokes can be produced by SBS if the first order Stokes becomes 
sufficiently intense to act as a pump. This process,, like the generation of first-order, 
has a threshold level but this is not simply when the first-order Stokes reaches the 
same power as that required to generate first-order. Unlike the pump frequency the 
SBS is concentrated at the entrance end of the fibre and is very weak for much of 
the rest of the length, see figure 3.1. This leads to a reduction in the effective inter- 
action length and consequently second-order Stokes requires that first-order Stokes 
reaches a significantly higher power than the first-order threshold. This produces a 
wave which is frequency downshifted from the pump by twice the frequency of the 
acoustic wave and is forward travelling. If the intensity' of this frequency grows to 
be sufficiently large then this too can act as a pump for the next Stokes order and 
so on. This cascaded SBS will only produce waves whose frequencies are reduced by 
CHAPTER 5: TEMPORAL BEHAVIOUR OF SBS WITH FEEDBACK 85 
odd multiples of the acoustic wave in the backward direction and by even multiples 
in the forward. Although these frequencies may be seen in the opposite directions 
through reflection it is unlikely that the reflected signals will become strong enough 
to act as pumps. 
New frequencies can also be produced through FWM which unlike SBS has no 
threshold but can only occurs once first-order Stokes has been produced by SBS. 
First-order anti-Stokes wa and second-order Stokes W2S can both be generated by 
FWM of the pump wp and first-order Stokes ws reflected from the fibre input end 
thus 
wa = 2wp - ws (5.1) 
and 
W2S = 2ws - wp 
(5.2) 
with both frequencies travelling in the forward direction and being phase matched 
as shown in figure 5.5. The FWM process between beams that travel in pairs in 
opposite directions also exists but this is much weaker than the above situation. The 
two frequencies should also be produced in the backwards direction through FWM 
of the generated SBS and reflected pump although Labudde et al. show that only 
Stokes frequencies are intense enough to be detected and no anti-Stokes components 
were found in this direction. Again this is probably due to the spatial distribution of 
the Stokes signal reducing the gain for the production of the anti-Stokes frequency. 
Therefore FWM allows the production of both Stokes and anti-Stokes in the 
forward direction but only for Stokes in the backwards direction. This being the case 
the new frequency which was detected must be second-order Stokes although both 
this frequency and first-order anti-Stokes should have been detected at the same 
pump power in the forward direction. These frequencies tend to be less intense 
and grow more slowly than second-order Stokes in the backwards direction and 
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Figure 5.5: Phase matching conditions for four-wave mixing 
so probably existed but the crude method of detection was unable to show their 
existence. 
Since second-order Stokes produced by SBS with the first-order acting as pump 
would be forward travelling and the new frequency was seen in the backwards and 
not the forwards direction it is therefore thought that this must have been produced 
through FWM and is therefore second-order Stokes. 
Increasing the pump power further sees a repeat of the first order behaviour with 
the modulations and pulsations again repeating. Although insufficient -power was 
available to carry this through to the near dc state this would have been possible if 
a longer fibre had been used. When using this set-up to produce the probe signal 
for the amplifier experiments the pump power was chosen so that the SBS signal 
produced was in the stable region of operation and the SBS output was like that 
shown in figure 5.4 (e). 
Having now established the macroscopic behaviour the sampling rate was reduced 
to 5 ns to allow the fine structure of the oscillations to be studied., Preliminary work 
using 100 m of the same fibre showed that a large number of dynamical features can 
be observed over a broad range of pump powers in both the SBS and the transmitted 
pump signals. Figure 5.6 shows examples of the time series and phase portraits of 
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some of the dynamical features detected. All these features tended to come and go 
as launched power and the optical length of the fibre drifted so that each recording 
tended to be different from the previous one and none of these features dominating 
at any specific power except perhaps the limit cycles. Figures 5.6 (a) and (b) both 
show limit cycle behaviour with type (a) dominating at low power and type (b) at 
high power. Period two and three oscillations were also observed and figure 5.6 (c) 
shows period three oscillations where the waveform repeats itself at a period which is 
three times the basic frequency. Figure 5.6 (d) shows a homoclinic orbit with a phase 
change occurring at intervals of 2T,., the oscillations having a basic frequency of 5/T,.. 
The power spectrum of the waveform shown in figure 5.6 (e) again shows the presence 
of two frequencies, one at 1/2T* and the weaker second frequency at 2/9T, which 
combine to produce a torus in phase space. The waveform in figure 5.6 (f) results 
in the production of an attractor which is suggestive of weakly chaotic behaviour. 
These early observations were not carried out in a systematic way but served, to 
show the rich variety of dynamical features that can exist under certain operating 
conditions. The experiment was repeated but this time using a 40 m piece of LTI 
fibre. The shorter length should enable the experiment to be carried out in a more 
controlled manner as any drift in the launched power should cause a smaller variation 
in the SBS signal. 
Figure 5.7 shows how the SBS signal changes as the pump power is increased. At 
powers near 'to threshold the SBS, signal shows oscillations of period 2T, which are 
not sinusoidal but. instead'have a'spiked appearance and tend to show small, slow 
modulation, see figure 5.7 (a). A close study of the power spectrum shows . 
that this 
is caused by the beating of: two frequencies very close to 1/2T,: , 
These oscillations 
produce a limit cycle attractor like that shown in figure 5.6 (a) and occur in the 
area of operation corresponding to the temporal response shown in figure 5.4 (a). 
Increasing the power slightly causes the structure of the time series to change with 
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the appearance of a second set- of 2T, oscillations phase shifted from the first set by a 
varying amount of up to Tr. The two sets of oscillations compete with one another so 
that as the amplitude of one is increasing the other is decreasing leading to the time 
series being heavily modulated.. Figure 5.7 (b) and (c) show the two extreme cases of 
this with (b) the two sets of oscillations very close together and (c) separated by Tf. 
The power spectra again both show the presence of two frequencies close to 1/Tv. As 
the power was further increased the time series tended to become more complicated 
with a third and then a fourth set of oscillations occurring within the basic period 
of 2Tr which again compete with each other leading to a heavily modulated signal. 
Figures 5.7 (d) and (e) show examples of the-time series for these two cases. In 
some cases the time series was found to contain as many-as nine sets of oscillations 
within the cavity round-trip time and this is shown , in figure 5.7 : (f )., Taking into 
account the slight changes in power which can occur due to the drifting of the launch 
conditions the number of sets of oscillations was seen to increase with pump power. 
Sustained T, oscillations with only a small depth of modulation were also de- 
tected, these were found to have a sinusoidal appearance and produce the second 
type of limit cycles like those shown in figure 5.6 (b). All these features were found 
in the power region where the SBS was found to be heavily, modulated and show 
pulsations, as in figure 5.4 (b) to (d). At higher powers, corresponding to the region 
of short spikes like that shown in, figure 5.4. (e), faster frequencies were occasionally 
observed, for example . 
that. shown in figure 5.7 (h), where the basic frequencies are 
are integer multiples of, the round-trip frequency 1/2T,.. 
The SBS still originates from the amplification of spontaneous scattering but the 
weak cavity formed by the fibre's natural' reflectivity is enough to totally alter the 
temporal behaviour of the SBS and therefore the transmitted pump. At powers just 
above threshold the temporal behaviour of the SBS is relatively simple and consists 
of periodic pulses separated by the cavity round-trip time. However as the pump 
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power is increased the behaviour becomes much more complicated and the single 
pulses can break up so that there are many oscillations which compete against each 
other and grow and decay accordingly. 
Although small, SPM will cause the pulses in the SBS to be frequency chirped so 
that the optical frequencies in the leading part of the pulse will be lowered and those 
in the trailing half raised. As the fibre is being used in its normal dispersion regime 
the SPM acting with GVD should lead to pulse broadening, but due to the short 
interaction length, the low peak powers involved and the size of the nonlinearity 
any broadening which does occur will be very small. However the frequency chirp 
may cause the Brillouin gain of the leading and trailing edges of the pulse to be 
reduced since these parts encounter frequency shifts which move them from the 
Stokes frequency. This may reduce pump saturation effects and allow other parts 
of the pulse, for example where the intensity is changing more slowly and hence'the 
frequency shifts are smaller, to have greater gain and therefore grow. When more 
than one pulse exists the gain of each will depend on the intensity of the other pulses 
since the gain is affected by the amount of pump depletion. 
Figure 5.7 (i) shows an example of the behaviour of the SBS signal at a pump 
power where second order Stokes is also produced. The power spectrum shows 
that the dominant frequency is 1/Tr but slower frequencies also exist which are not 
related to the cavity trip-time. At these power levels both'the pump and the Stokes 
intensities are very large and the interactions between the reflected signals becomes 
significant leading to the time series being further complicated. 
5.2.2 Comparison with Theory 
Steady and relaxation oscillations with period 2T,, have also been found experimen- 
tally and theoretically in the presence of external feedback by Bar-Joseph et al. 
[BAR85]. However they found only 2T, oscillations with none of the modulations 
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and pulsations which are described here. These oscillations were produced by vary- 
ing reflectivity while keeping the pump power constant - this is investigated in the 
next section. Sustained oscillations were found only' in a small reflectivity region 
with relaxation oscillations to a dc state at lower and higher reflectivities. Their 
theoretical model solves the standard SBS equations in a cavity, excluding nonlin- 
ear dispersion terms, neglecting the interaction between the backward pump and 
the forward SBS. This is much smaller than that between the forward pump and 
backward SBS when the cavity reflectivity is small, i. e. R1R2 < 1. However the 
additional features were found by solving equations 2.42 to 2.44 [JOH91] applying 
the boundary conditions SR(t, 0) = /S(t, 0) and" S(t, L) =SR(t, L), where 
SR is the forward travelling SBS signal whose evolution is governed by 
19SR + aSR asR + iu(21P12 + IS12)SR. (5.3) a7 a(--2 
Rl and R2 give the cavity reflectivity and the other parameters are as before. Nei- 
ther of these models is able to describe the behaviour when second order Stokes is 
produced and to do so would mean including further terms to account for four-wave 
mixing and the cascading of SBS. 
In the absence of nonlinear refraction, the solution of the above equations were 
found to give relaxation oscillations, which is in agreement with the with the work 
of Bar-Joseph. However the inclusion of the nonlinearity leads to the dynamical 
behaviour shown in figure 5.8. The physical values used to produce these results 
were chosen to correspond to typical values, for silica fibres, i. e. Brillouin gain 
coefficient gB = 2.6 x 10-11 mW-1, -loss coefficient a=4.6 x 10'3 m'1, nonlinear 
refractive index coefficient n2 =2x 10-22 m2V-2 (based on the electronic contribu- 
tion), SBS bandwidth Ave = 143: MHz and effective core area Aq != 20 µm2. The 
normalised parameters g and u shown for figures 5.8. (ä)"(f) correspond to launched 
powers of 76,102,121,143,, 216 and 338 mW respectively into a 40 m long fibre 
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with reflectivities of 4% at either end. 
Figure 5.8 (a) shows the theoretical SBS output at a pump intensity close to 
threshold. This shows an alternating two-wave structure leading to a deeply mod- 
ulated signal, the basic oscillation frequency being 11Tr. Increasing the pump in- 
tensity sees the alternating wave mode disappear and this is replaced by sustained 
oscillatory behaviour with a periodic slow modulation, as shown in figure 5.8 
(b). 
The period of the modulation decreases with pump intensity, figure 5.8 (c), until the 
modulation period approaches or is faster than the period of the basic 1/T,, oscilla- 
tions. This leads to the temporal behaviour becoming faster and random as shown 
in figure 5.8 (d). Increasing the pump intensity further leads to an ending of the 
sustained oscillatory behaviour. This is replaced by a bursting mode of operation, 
see figure 5.8 (e), and eventually the bursting mode may be suppressed to give stable 
dc emission, figure 5.8 (f). Computational limits did not allow the monitoring of 
the busting mode of operation over a longer, time.. Therefore the change in burst 
length and separation with pump intensity could not be studied. Nevertheless these 
results show many of the same characteristics and trends as the experimental results 
presented in this section. 
5.3 Addition of External Feedback 
The reflectivity, of the cavity was increased by butting a reflecting neutral density 
filter against ,, 
the far end of the fibre. Using a filter of ND = 0.1, which has a 
transmittance of approximately 80%, the reflectivity was measured to be about 
six times greater than natural reflectivity, i. e. N 20%. The total reflectivity of the 
cavity is still small, approximately 7.35 x 10'3, so that interactions between reflected 
beams can still be neglected. Increasing the reflectivity leads to a reduction in the 
threshold power due to an increase the effective gain. Figure 5.9 shows how the SBS 
signal changes as the pump power is increased for a 25 m fibre, again LTI. Again the 
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SBS goes through modulations and pulsations until it reaches the same near stable dc 
state as before, in this case at a pump power of 1.15 W compared to the threshold 
power of 0.21 W. Using a larger cavity reflectivity allowed the complete range of 
dynamical features to be seen over a smaller range of pump power. Theoretical 
results also predicted the same behaviour as that shown in figure 5.8 
but at reduced 
powers. 
5.4 Variation of Reflectivity 
Having investigated the intensity dependency of the temporal behaviour of the SBS 
process the effect of varying the cavity reflectivity while keeping the pump constant 
is now examined. The far end of the fibre was index matched as before but the 
transmitted light was reflected by an external mirror and then relaunched into the 
fibre. By moving the microscope objective lens in and out and therefore changing the 
divergence of the emergent beam the reflectivity' of the far end could be varied, see 
figure 5.10. The other end of the cavity was formed by the fibre's natural reflectivity. 
Using a 100% external mirror the maximum reflectivity was measured to be 60%, 
limited by coupling losses, allowing the reflectivity of the cavity to be varied between 
1.05 x 10-6 and 2.1 x 10-2. 
5.4.1 Measurement of External Reflectivity 
It was explained in section 5.2.1 that the reflected signal below threshold is the 
superposition of light reflected from the front and back interfaces of the fibre. This 
is modulated due to the optical length of, the fibre changing caused, by the tem- 
perature dependence of the refractive index: The average of the unmodulated and 
the modulated parts increases linearly as the reflectivity of the external mirror is 
increased. Comparison of the signal height with the mirror blocked and against the 
('fl. l1r I: II : 5: '1'1-:. 111'()11: 11,131.: 11; lVIOl'U O1" ll'lTll l'I: I1: 013.1('I ý)ý) 
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<<ý ) 
<<' > 
(ýl) 
Figure a. S): SI3S signal with external feedback: (a) 0.35 W, (h) 0. '13 NV, ((-) 0.55 \V, (d) 0.66 W, 
(e) 0. S)1 mid (f) 1.15 \V, (time scale is 1 ms/div). 
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Natural reflectivity Index matched 100% Mirror 
Figure 5.10: Variation of external reflectivity 
fibre's natural reflectivity makes it possible to estimate the effective external reflec- 
tivity. This was cross checked by comparing the SBS signals when the reflectivity of 
the external mirror was calculated to be the same as natural reflectivity and these 
were found to exhibit similar temporal behaviour. 
5.4.2 Temporal Behaviour 
When the fibre was index matched at both ends the power spectra was entirely 
broadband with no discrete frequencies, like those spectra shown in chapter 4. In- 
terestingly with the external mirror blocked and the rear end of the fibre index 
matched but no index matching at the front, the reflectivity was still sufficient for 
small discrete frequencies to be seen in the power spectrum. At powers' just above 
threshold the power spectrum is 
entirely broadband but as the pump power was in- 
creased small peaks at the round-trip frequency and its harmonics were seen which 
grow in strength as the power was further increased. Figure 5.11 shows 'this effect 
\/ 
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as the launched power was increased from (a) 100 mW, (b) 150 mW, (c) 220 mW 
to (d) 300 mW for a 50 m piece of HB 450 - polarisation maintaining fibre . The 
light was launched along one of the fibre's axes where the threshold power for this 
length and fibre was found to be N 90 mW. The cavity effects are very small, even 
at high powers, and the SBS signal retains its aperiodic appearance. Although the 
total reflectivity is very small, only N1x 10'6, this is still sufficient for these weak 
cavity effects to be seen which is why the experiments in chapter 4 were carried out 
with the fibre index matched at both ends. 
Using a 36.5 m piece of LTI fibre, a pump power was chosen so that there was 
still an SBS signal even with the path to the mirror blocked. " The reflectivity was 
then gradually increased by moving the microscope objective towards the fibre and 
figure 5.12 shows how the chopped SBS signal and power spectrum changed as the 
reflectivity was varied while the pump was kept at a constant launched power of 
400 mW. 
Figure 5.12 (a) corresponds to a reflectivity at the far end of < 0.25% and the 
corresponding power spectrum shows only a few small discrete frequencies on a 
broadband background. It should be, remembered that the spectrum analyser sam- 
ples over a sweep time of 1.2 ms so all the fluctuations and different frequencies con- 
tained in the signal over this time will be captured. The reflectivity was increased 
to N 0.5%, figure 5.12 (b), and the discrete frequencies in the power spectra grew 
in strength. With the reflectivity increased to - 3.25% the chopped signal starts 
to become modulated and the power spectra contains large discrete frequencies, fig- 
ure 5.12 (c). A small increase to 3.75%, figure 5.12 (d) sees these modulations 
becoming larger while the discrete frequencies continue to grow. At a reflectivity of 
5.75% the SBS now comes in the form of definite pulsations, figure 5.12 (e), while 
at N 20%, figure 5.12 (f), the signal is almost entirely dc with only occasional short 
bursts of periodic modulations and the power spectra has a large dc element. 
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In chapter 3 it was found that increasing reflectivity has the same effect on the 
steady-state behaviour as increasing the Brillouin gain. In the first part of this 
chapter it was shown that increasing the gain by increasing the pump power turned 
sustained periodic signal to an almost dc signal. However in addition to increasing 
the gain raising the pump power also leads to a strengthen of both the SPM and 
XPM of the signals. An increase in the cavity reflectivity also results in stronger 
refractive effects as this increases the gain and therefore leads to a more intense SBS 
signal. So it would appear than increasing the reflectivity has the same effect as 
increasing the pump power but this also shows aperiodic oscillations turning into 
periodic ones. The SBS signals were again digitised using a5 ns sampling rates to 
allow the temporal behaviour to be clearly examined. 
Figure 5.13 (a) shows the time series and power spectrum with both ends of the 
fibre index matched and the external mirror blocked. The times series is clearly 
aperiodic and the power spectrum is broadband with no discrete frequencies. Re- 
moving the index matching at the front, causing an increase in reflectivity, results 
in the appearance of small peaks at the round-trip frequency and its harmonics in 
the power spectrum, figure 5.13 (b), the reflectivity of the cavity is N1x 10'8. As 
the cavity reflectivity is increased the discrete frequencies grow in strength as the 
SBS signal gradually becomes periodic in nature. Figure 5.13 (c) and (d) show the 
gradual transition to periodic behaviour. At a reflectivity of 1.14 x 10'3 the SBS 
lx 
shows modulated 2T* oscillations and the power spectrum "now shows large discrete 
frequencies with two main frequencies'close to the round-trip frequency and only a 
small broadband shoulder. At a reflectivity of 1.66 x 10-3 the dominant frequencies 
are close to 1/T,. resulting in heavily modulated roundtrip-time oscillations. 
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5.4.3 Comparison with Theory 
Figure 5.14 shows a set of four temporal forms of the Stokes intensity for different 
reflectivities, 0.25%, 4%, 9% and 36% respectively, for a fibre length of 40 m and a 
pump power of 166 mW assuming the same physical values given in section 5.2.2. 
The output changes from sustained oscillation of basic frequency 1/2Tr with a slow 
modulation, to oscillations with a fast modulation, then to a bursting mode of 
operation and eventually to stable emission. Again this is the same sequence of 
events as show by both the theoretical and experimental results for increasing pump 
power and also for the cavity reflectivity experiment. However the theoretical results 
do not show the aperiodic behaviour at very low reflectivity and the results are 
achieved at different reflectivities. This is due to a higher value of pump power 
being used experimentally and therefore the theoretical values of the Brillouin gain 
and nonlinear refraction are smaller than those found in the experiment. 
5.5 Conclusions 
The addition of external feedback dramatically changes the temporal behaviour of 
the SBS and transmitted pump. Even the small amount of reflectivity caused by 
the Fresnel reflection of the cleaved end faces is sufficient to cause sustained and 
bursting oscillations. 
At very low reflectivities and low pump powers the SBS power spectra are to. 
tally broadband. However increasing the gain and the phase modulation, by either 
increasing the pump power or the cavity reflectivity, sees the appearance of small 
peaks at the round-trip frequency which grow as these are further increased. At very 
low reflectivities the SBS was found to be aperiodic at all pump powers investigated, 
but at higher reflectivities, such as natural reflectivity, it was found to be periodic 
even very close to threshold. The area between these two cases was not investigated 
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thoroughly, but it was observed that as the reflectivity was increased from its very 
low value the power required to generate round-trip oscillations decreased. 
If the cavity was formed by the fibre's natural Fresnel reflectivity as the pump 
power was increased the SBS went through modulations and pulsations to an al- 
most dc state with only occasional short bursts of oscillations. If the pump power 
was further increased second order Stokes may be produced probably by four-wave 
mixing of the reflected SBS and pump. Investigation of the time series and power 
spectra show that the'number of frequency components increases with pump 
power. 
The same behaviour was found if the cavity reflectivity was varied instead of 
the pump. "This also shows aperiodicity turning to periodicity at low reflectivity. 
The importance of the XPM and SPM terms in establishing this behaviour has also 
been shown - without them periodic or more usually dc operation is predicted. The 
dynamics have been found to be deterministic in origin and not due to, or unduly 
influenced by, the stochastic nature of the initial spontaneous Brillouin scattering 
with the very small nonlinear refraction terms causing this behaviour. 
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Chapter 6 
Wavefront Dislocations in Optical 
Fibre Mode Patterns, 
6.1 Introduction 
In recent years there has been considerable growth in the study of the spatial- 
temporal behaviour of physical and in particular nonlinear optical systems [ABR90]. 
In optical systems this usually means observing how the structure of a transverse 
pattern changes with time. The work presented in this chapter examines the struc- 
ture of the transmitted mode patterns of optical fibres. The mode patterns could be 
changed in several ways, as is described later, sometimes resulting in the formation 
of singularities or dislocations in the` optical wavefronts. " 
Optical wavefronts, surfaces''of constant phase, can show singularities or dis- 
locations analogous to those found in the lattice structure of crystals. The fun- 
dämental property of a dislocation is that if"any 'closed loop enclosing the dislo- 
cation is traversed then there 'exists' 
wavefronts which are passed through an odd 
number of times. Wavefront dislocations were first 'observed by Nye and Berry 
[NYE74] in experiments carried 'out usingultrasound in an attempt to understand 
radio echo patterns reflected from the bottom of the Antarctic ice sheet, although 
111 
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they suspected that dislocations may often have been observed in phase sensi- 
tive experiments without their significance being appreciated. Wavefront disloca- 
tions have also been observed in the speckle patterns of scattered coherent light 
[BAR81a, BAR81b, BAR82, BAR83] and in the complicated mode patterns of multi- 
mode optical fibres [BAZ90]. 
In the case of a plane wave the wavefronts are a family of parallel planes perpen- 
dicular to the direction of propagation separated by a distance A from one another 
and for a spherical wave they are a set of concentric spheres again a distance A from 
one another. More generally for a real monochromatic field [ZEL85] Ereai(r, z, t) 
and a slowly varying complex amplitude E(r, z) such that 
Ereat(r, zj t) =1 
[E(ä'ß 
. Z)e-iwt+ikz I- 
E* (r, z)eiwt-iks] (6.1) 
2 
the wavefront surface is defined by the equation 
kz + sin-1 
Im E(r, z) 
_ const. (6.2) 
So if the intensity, I E(r, z) 12 [Re {E(r, z)}]2 + [Im {E(r, z)}]2, is equal to zero then 
the argument of the inverse sine term in equation 6.2 is not defined and this should 
lead to peculiarities of the wavefront. 
Figure 6.1 shows examples 'of two different types of dislocation, (a) an edge dislo- 
cation and (b) a screw dislocation.., If the dislocation line is parallel to the wavefronts 
it is called an edge dislocation while if it is perpendicular it is called a screw disloca- 
tion and is the line along which successive wavefronts join up like a spiral staircase 
producing a helical surface which may be right- or left-handed with the singularity 
at the centre. Traversing any closed loop around the dislocation gives a phase shift 
of 2irn, where n is an integer and is the strength of the dislocation, both the dislo- 
cations shown in figure 6.1 are first order or strength one. When this loop has been 
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Figure 6.1: Single strength dislocations (a) edge and (b) screw. 
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shrunk to a point the phase at that point must have all values in the range 2rn 
which can only be satisfied when JE(r, z)l =0 and the phase is undefined, that is 
to say only when the real and imaginary part of the field are simultaneously equal 
to zero. At a given beam cross section z= const the equation Re{E(x, y)} =0 de- 
termines a system of lines in the plane x-y, while Im{E(x, y)} =0 determines a 
second set with the intersection of these two sets of lines corresponding to points of 
zero intensity and hence dislocations in the wavefront. For first order dislocations 
it is sufficient for one pair of lines to intersect but higher order dislocations would 
require the intersection at one point of two or more pairs of lines, moreover second 
and higher order dislocations are unstable to small field distortions [ZEL85] and 
decay to a corresponding number of dislocations of unit strength while first order 
dislocations are stable to small perturbations of the field. For a small disturbance of 
the complex amplitude, both system of lines will be slightly deformed and the points 
of intersection do not disappear but move to new locations. Second order disloca- 
tions have been produced by diffraction of light by specially synthesised holograms 
[BAZ9o]. 
Consider a travelling wave which has been diffracted, scattered, diffracted or 
reflected so that it is formed by the interference of a large number of independent 
components. Dislocations are caused by destructive interference among the different 
contributions contained in the field. Usually in interference experiments dark fringes 
are produced because although the, two, interfering waves are out of phase their 
intensities are not completely matched, -, it is only on dislocation lines where the x 
two waves have equal amplitude as well as being in anti-phase that the intensity 
vanishes. The interfering waves are formed in optical fibres by creating more than 
one fibre mode leading to coupling and mixing of the modes.. Fibres which allow 
only a few modes as well as true multi-mode fibres were investigated. 
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6.2 Fibre Modes 
The modes that a fibre can support, like any waveguide, can be found by solving 
the wave equation with the appropriate boundary conditions [SNY83, chpt 11-15]. 
The resulting solutions are Bessel functions with the number of modes allowed gov- 
erned by the value of the normalised frequency parameter, V, which depends on the 
wavelength of the light used as well as the fibre diameter and composition, 
V= 2ýa nl, - nýi, (6.3) 
where a is the core radius, .1 the wavelength and n, 0 and ncý are the refractive indices 
of the core and cladding respectively. As well as TE and TM modes, where the axial 
component of the electric or magnetic field is zero, hybrid modes exist where all six 
components of the electromagnetic field are nonzero. These modes, which result 
from skew ray propagation within the fibre, are designated HEI,,, and EHi,,, modes 
depending upon whether the components of the magnetic or electric field make 
the largest contribution to the transverse field [SNI61]. The exact expressions can 
be very complicated but fortunately in most step index fibres that are used the 
refractive index difference between the core and cladding is very small and it can be 
shown [GLO71] that the full set of modes can be approximated by a single set of 
linearly polarised (LPim) modes. 
The condition for single-mode operation is V<2.405 and the fundamental mode 
is referred to as LP01. The number of modes supported can be found by calculating 
the value of V for that wavelength and then comparing this to the cut-off condition 
y ,a rays` _-, 
for each mode, see for example [ADA81, page 232], the larger the value of V the 
higher the number of modes that are allowed. In the case of a heavily multi-moded 
fibre the number of modes is'given approximately by N. = Int (V2/2) providing that 
v>1. 
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Several different fibres were investigated ranging from single-mode fibres, where 
the mode pattern is almost a Gaussian, through fibres where only a few modes are 
supported and the output consists of several spots of irregular shape, to true multi- 
mode fibre where the transmitted mode is a complicated pattern containing several 
hundred elements. Examples of the mode patterns of these three cases are shown 
in figure 6.2. Only in the case of the single-mode fibre does the output consist of 
only one LP mode, in the other cases it is a mixture of all the modes which can be 
supported. Table 6.1 gives details of the number of modes each fibre will support at 
both 514.5 nm and 633 nm. 
Fibre Type Reference No. of Modes 
(514.5 nm) 
No. of Modes 
(633 nm) 
Single Mode Argon Ion SM 450 1 1 
Single Mode HeNe LTI 2 1 
Single Mode Nd-YAG SM 1060 6' 4 
Multi-mode 
.. _,; 
MM 
, 
^7450 . 4900 
Table 6.1: Number'of modes supported 
'}fy. 
6.3 Ex erimental. Observations of Dislocations 
Wavefront dislocations are phase ' singularities and so interferometry must be used 
to find them, so a Mach-Zehnder interferometer was constructed for this purpose 
and the arrangement is shown in figure 6.1. =The fibre to be examined made up one 
( Ii 11'11: H 6: 11: 11 1: l liO. A 1 I)1. ý'1. (ý('. 111O. A, ti 
(I, ) 
ýýi., ýlýýýl tilýrý" 
and (c) iunlt 1-modo fibre. 
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arm of the interferometer and a short piece of an appropriate single-mode fibre was 
used in the other. This experimental arrangement allowed both circular and wedge 
fringes to be produced - circular fringes were 
made by allowing' the light to diverge 
naturally from the two fibres and then moving the fibre ends or the beam splitter 
to suitably overlap the two emergent cones of light. The fringes were examined 
either using -a CCD camera or directly on a screen placed at a suitable distance. 
Wedge fringes were created in one of two ways, either without the beam splitter by 
placing the two fibres in the same holder and so slightly displacing the two beams 
by using microscope objectives lenses and a beam splitter and introducing a'-small 
displacement of the optical paths of the two beams. The mode patterns were then 
focussed on the CCD camera placed a meter or two away to give a sufficiently large 
image. The second method was preferred since it allowed the mode patterns and 
their corresponding interference patterns to be properly imaged while also permitting 
controllable variation of the fringe separation. The fringe visibility is maximum when 
the two beams are of equal intensity, this was easily achieved either by varying the 
size of the reference beam through focussing or by changing the launch conditions 
to give a suitable launched power. 
Two different laser sources were used, a simple Helium-Neon laser operating at 
633 nm giving a maximum power of around 1 mW and an argon-ion laser giving 
about 4W at 514.5 nm. The He-Ne laser has a short cavity length of N 30 cm and has 
a linewidth small enough to produce fringes of good visibility. The Argon-ion laser 
has a multi-mode linewidth of about 10 GHz compared with 50 MHz when single- 
mode so the fringe visibility is therefore greatly reduced when operating multi-mode 
so the laser was used with an intracavity, temperature stabilised etalon to operate 
single longitudinal mode. Again when using the argon-ion laser it was necessary 
to use a Faraday isolator to, stop any feedback to the laser from reflections from 
the fibre end faces, see section 3.2.1. The CCD camera is extremely sensitive and 
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Figure 6.3: Mach-Zehnder interferometer used to study wavefront dislocations 
allowed mode patterns of very low intensities to be seen. 
6.3.1 Single-Mode Fibres, 
Single-mode fibres were used in both arms of the interferometer to produce funda- 
mental modes from both fibres which gave either wedge or circular fringes depending 
on the experimental arrangement. The fringes were not stationary but drifted as the 
phase difference between the two beams varied because the optical paths lengths of 
the two arms changed with temperature as they were of unequal length. In the case 
of wedge fringes this makes the fringes move in one direction then stop and move 
back, circular fringes either expand outwards or collapse into the centre. The fringes 
can also be made to move by varying the launched powei and this will be examined 
later., Examples of the observed fringes are shown in figure 6.4: No dislocations were 
observed when single-mode fibres were used in both arms of the interferometer. ' Any 
small circular fringe patterns" which 'can be seen' on these, and any of the following 
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figures, were caused by dirt on the neutral density filters used to protect the camera 
from saturation. 
6.3.2 Slightly Over-Moded Fibres 
Operating single-mode fibres at a longer wavelength than their cut-off wavelength 
makes it possible to generate mode patterns which are made up of only a few fibre 
modes. For example, fibre LTI operating at 514.5 nm will usually support two modes, 
LP01 and LPll. LPOI is circular and LPII produces two lobes but the mode pattern 
obtained is not a simple combination of the two but is usually two asymmetric spots. 
Figure 6.5 (a) shows an example of the mode pattern transmitted through a 2.0 m 
piece of LTI fibre using an argon ion laser at1514.5 nm. A 0.5 m piece of the same 
fibre was used in the other arm but' this was made to behave as single-mode by 
either putting a few tight loops in the fibre or by using a mode scrambler. 
The mode scrambler consists of two corrugated surfaces between which the fibre 
is placed, bringing these surfaces together causes small bends to be formed in the 
fibre. Perturbations in the fibre's straightness will cause light scattering and a 
redistribution of power among the guided modes of the fibre. Higher order modes 
also suffer greater attenuation than low order modes since power is coupled from 
the higher order guided modes to radiation modes. In these two ways the power 
from the higher order mode LP11 can be coupled to the lower order LP01 mode or 
to radiation modes. 
Using the transmitted modes of these two fibres to produce wedge fringes results 
in the formation of fringes which contain a dislocation, see figure 6.5 (b). This shows 
two fringes coming together at the singularity with only one leaving to produce a 
`Y'-shaped dislocation. The dislocation is of strength one, travelling a closed loop 
around the singularity results in a phase jump of 2ir, and is found to occur in a dark 
region of the mode pattern. Figure 6.6 shows a similar dislocation in close-up, there 
(IIA PTL: I? (;: 11: 11'1: 17 0. A"I' DL5'1, (ý('_17 1O. A', 5 
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figure (i. 4: Fringes for single-mode fibre (a) wedge fringf, s and (I, ) circular 
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is one more fringe one the right-handside of the picture than oil the left. The fact 
that the fringes see>u to be made up of discrete vertical elenueiits is clue to the fact 
that the picture was taken from a television monitor. 
If instead circular fringes were used there generally these show two of the rings 
joining together at the dislocation but centering the fringes on the singularity leads 
to the spiral pattern shown in figure 6.5 (c). This shows clearly the existence of a 
helical wavefroiit and therefore the dislocation is a screw dislocation with both right- 
and left-handed spirals being observed. When the mode pattern was it, mixt. i1re of' 
only two waveguide modes only single dislocations were found, they were not found 
to exist in snatching pairs of right- and left-handed. Dislocations were always found 
in regions of low intensity, whether the intensity was exactly zero was impossible 
to determine. The formation of singularities slid not deperncl Oil the I>unnpp power or 
the fibre length, they were found at all pump powers investigated, between -2 W 
and less than I in\V and in fibres as short as it few 10's of centitnet, res, as sliort aas 
1possible for the transmitted pattern to contain only guided n1odcs. 
'Flic transmitted pattern could also be altered by vary ing I he lauucli conditions 
and so cllaanging the angle at which the light was coupled into th ee Iii>re, 'Iiiis reduces 
Figure 6.6: Close-up of first order (li-lucýtti(m 
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the launch efficiency but allows the light to be coupled mainly into the higher order 
mode and so by carefully choosing the launch conditions the transmitted mode can 
be made to be almost entirely LP11, as shown in figure 6.7 (a). Then, using the 
mode scrambler, light was gradually coupled from this mode to the lower order 
LP01 mode. As this was done a single dislocation appeared which moved as the 
mode pattern changed and then disappeared as. the mode become almost entirely 
LP01. The transition from LPII to LPai is shown in figure 6.7 with the dislocation 
appearing at the top right-handside in figure 6.7 (b), moving towards the centre of 
the picture and then outwards until it disappears and the transmitted mode is LP01, 
figure 6.7 (f).... ' 
This establishes the requirement of mode mixing for dislocations to occur - dislo- 
cations were not found when the mode was entirely LPal'or LP11. The dislocations 
moves as the proportion of each mode and hence the transmitted pattern changes. 
This is the simplest case of mode mixing, the modes being the two lowest order ones, 
and only single first order dislocations were observed. ' 
The electric field of the LP11 mode is antisymmetrical with the field equal to 
zero on a line between the two lobes and the phase switches sign across this line. 
However this mode on its own does not show any dislocations since the field is zero 
along a line and not at a point singularity, i. e. traversing a closed loop around a 
point on this line leads to a phase shift equal to zero and hence the phase is well 
defined at any point. 
These experimental `results show that wavefront dislocations were only found 
when at least two modes were present, but is it possible to explain these observations 
by the superposition of the two wavefronts, i. e. can two or more spherical wavefronts 
be combined to create a helical wavefront? In cylindrical coordinates the equation of 
a helical surface is 0-z= constant but it is not obvious how this can be decomposed 
into spherical waves. A brief attempt to analyse this problem was made and this 
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Figure 6.7: Dislocation caused by niixiug of L/'ii and L1'R1 nodes 
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Figure 6.7: Dislocation caused by mixing of LPII and LP0I modes 
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is described below, although the model used is a very simplified version of the real 
case. 
Consider the LP1I mode to be created in the far field by the interference of two 
point sources of equal amplitude separated by 2a, where a is approximately the 
fibre core radius, and out of phase by zr radians. Then like a Young's double slit 
experiment this will produce fringes in the, far field where the central region along 
rý . the line x=0, see figure 6.8, is dark due to the phase' difference of the two sources. 
Figure 6.9 shows the fringe pattern produced along the line y=0 by these two 
sources assuming that the distance OC is 104a. There are of course many other 
orders of fringes but we consider only the two central maxima since the cone of light 
emitted from the fibre only allows these. If the field distribution along the y-axis 
is considered then the combination of these two fields will give an intensity pattern 
similar to the LPü mode. 
If a third point source is added ät C, to simulate the LPOI mode, again of equal 
intensity and out of phase from A by some value 0cß then the summation of these 
fields at the point P represents the field Ep at that point. Hence 
Ep = Eo [exp(i(krA - wt)) + exp(i(krB - wt + ir)) + exp(i(krc - wt + 0oß))] 
(6.4) 
where the modes are assumed to have the same propagation constant k, frequency 
w and amplitude E,, and rA, rB and rc 
are the, distances from the points A, B and 
C to P. This allows the intensity at' P to be calculated. 
Figure 6.10 shows the intensities along y, = 0 for 04c =0 and Abc = ir/5, the 
intensities along x =_O being constant. This shows that varying the phase of the 
source at C from the other two leads to the intensity pattern becoming asymmetrical, 
'like those found experimentally when'two modes were present (see figure 6.5 (a)). 
The interferometer experiments can be mimicked by adding a fourth source at D 
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Figure 6.10: Interference pattern for three point source, (a) AOc =0 and (b) itc _ it/5 
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displaced from C, by in this case 102a. Again this may be out of phase with A but 
for the purpose of this analysis AcD was taken to equal zero. This means that the 
intensity pattern in the far field should now contain higher frequency fringes whose 
period-is determined by the separation of C and D. This was found to be the case 
and figure 6.11 and 6.12 shows the fringe pattern produced along the x- and y-axes 
again for 0¢c =0 and a/5 respectively. 
Let us now consider the intensity patterns that a helical wavefront would produce 
when sectioned along x=0 and y=0. From figure 6.5 (c) it can seen that if a 
point at a maxima, a certain distance from the centre of the helix, is rotated by 
it radians then this will then be at a minima, i. e. the fringe maxima and minima 
either side of a line through the centre of the helix are displaced from each other. 
The maxima and minima in the fringepatterns shown in figures 6.11 and 6.12 occur 
at approximately the same distances either side of the origin, apart from those at 
the centre of figure 6.12 (a). No extra maxima or minima were seen to be created 
and these therefore represent circular and not helical fringe patterns. This model 
therefore does not seem to show that a helical wavefront can be constructed from a 
linear combination of spherical wavefronts. A fuller model would take into account 
the transverse amplitude variations in the four fields as well as varying the relative 
field 
amplitudes and Oqi but it should be possible to create a three dimension 
representation of the intensity fringe pattern. This fuller examination may yield a 
helical wavefront. 
The maximum number of modes allowed is now increased to four by, using a 
fibre of slightly, larger core diameter, SM 11060, at the Helium-Neon laser wavelength 
of 633 nm. Again the shape of the transmitted mode pattern could be changed by 
using the mode scrambler, varying the launch conditions or by twisting the fibre. The 
maximum number of dislocations observed was'three älthough'this\could be reduced 
to two or one by the above methods but at least one dislocation was always seen and 
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the transmitted mode pattern could not be made to be entirely LPOI. Figure 6.13 
shows an example of the transmitted mode pattern and the wedge fringes observed 
when three dislocations were present. Again all the dislocations observed were of 
unit strength. 
6.3.3 Multi-Mode Fibres 
The experiments so far have shown that increasing the number of allowed modes 
increases the number of dislocations observed. Therefore if the number of modes 
is increased significantly by using multi-mode fibre then the number of dislocations 
should also increase drastically. Figure 6.14 shows a small 'part of the central re- 
gion of the fringe pattern, like that shown in figure 6.2 (c), using multi-mode fibre 
(MM) at 633 nm. Even this small part of the transmitted pattern contains many 
singularities which occurs in both senses but again only in first order. 
6.4 Estimation, of Intensity-Dependent Refrac- 
tive Index 
The previous section has established, the' stablished , the' 
requirement of mode mixing for a dislo- 
cation to occur but is this the only requirement? The formation of dislocations 
was found to be independent of fibre length and pump power suggesting that the 
process involved is linear rather than nonlinear mixing but the refractive index in 
silica fibres is still intensity-dependent, this is mainly due to temperature changes 
caused by absorption of the transmitted light, and the following section describes a 
method of estimating this. 
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Figure 6.8: (a) Mode pattern and (b) fringes for four-mode fibre 
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6.4.1 Introduction 
Optical fibre Mach-Zehnder interferometers, like the one used here, have also been 
used to measure external temperature and pressure changes [HOC79, HUG80, LAG81]. 
Changing the external pressure or temperature differences between the two arms of 
the interferometer causes the phase difference to change resulting in a displacement 
of the fringe pattern. A knowledge of the fibre parameters allows the change in 
pressure or temperature to be calculated. If however the temperature of one of the 
arms is changed internally through absorption of the transmitted light then this too 
will lead to a movement of the fringe pattern. 
The phase change due to a temperature change AT is "made up of three 
contributions - the change in fibre length due to thermal expansion or contraction, 
the temperature induced change in refractive index and also the change in refractive 
index due to strain. This can be written as [LAG81] 
Al An 
_"; +n 
1 (, 9n ) 
OT OT -1- 
(Sn 
(6.5) 
o 
()T 
where e, a is the axial strain in the core due to the length change and p, is the core 
density. The last term in equation, 6.5 is the strain term and can be expressed in 
terms of the strains and the elastooptic coefficients. For, silica the largest of these 
contributions, by, about two orders of magnitude, is the, term due to the tempera- 
ture dependence of the refractive index and dT is typically 1x 10-5 °C'1 [H0C79] 
although this. varies with both temperature and wavelength. So equation 6.5 can be 
rewritten as 
1 27r do 
LATE a dT (6.6) 
At a wavelength of a= 514.5 nm this gives .1 A! L = 122 radians/" C-m or put another L AT 
way, a fringe displacement of 19.4'fringes per °C per meter of fibre. 
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Figure 6,9: (a) Part of the multi-mode fibre mode pattern and (b) associated fringes 
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6.4.1 Introduction 
Optical fibre Mach-Zehnder interferometers, like the one used here, have also been 
used to measure external temperature and pressure changes [H0C79, HUG80, LAG81]. 
Changing the external pressure or temperature differences between the two arms of 
the interferometer causes the phase difference to change resulting in a displacement 
of the fringe pattern., A knowledge of the fibre parameters allows the change in 
pressure or temperature to be calculated. If however the temperature of one of the 
arms is changed internally through absorption of the transmitted light then this too 
will lead to a movement of the fringe pattern. 
The phase change AA due to a temperature change AT is made up of three 
contributions - the change in fibre length due to thermal expansion or contraction, 
the temperature induced change in refractive index and also the change in refractive 
index due to strain. This can be written as [LAG81] 
0o Al 
+ 
On 
+1 
ön 
AT + 
Sn 
(6.5) 1nn 
(-i9T),, 
nT 
where E, a is the axial strain in the core due to the length change and p, is the core 
density. The last term in equation, 6.5 is the strain term and can be expressed in 
terms of the strains and the elastooptic coefficients. For, silica the largest of these 
contributions, by about two orders of magnitude, is the term due to the tempera- 
ture dependence of the refractive index and is typically 1x 10-5 °C'1 [H0C79] 
although this varies with both temperature and wavelength. So equation 6.5 can be 
rewritten as 
10q2i do 
LOT: Ta dT 
(6.6) 
At a wavelength of A= 514.5 nm this gives i 
AI = 122 radians/0 C-m or put another 
I way, a fringe displacement of 19.41fringes per °C per meter of fibre. 
CHAPTER 6: WAVEFRONT DISLOCATIONS- 137 
6.4.2 Measurement of Phase Change 
An interferometer was constructed with a1m piece of single-mode fibre in the 
reference arm and a 5.7 m piece in the sensor arm arranged to produce circular 
fringes. The light to the sensor arm was blocked but allowed through the reference 
arm and this was allowed sufficient time to reach a steady temperature. The sensor 
arm was then unblocked to create the circular fringes which moved outwards as 
the temperature was increasing and then slowed to a random movement caused 
by fluctuations in the environment. A small area photodiode was placed in the 
interference pattern and connected to a chart recorder where the fringe movement 
was captured as a series of maxima and minima as successive fringes crossed the 
detector, figure 6.15 shows an example of such a recording. The temperature rises 
most quickly when light is first introduced into the fibre and then approaches its 
equilibrium value at a decreasing rate. This is shown clearly in figure 6.15 as the 
period of the oscillations increases with time, the amplitude of the oscillations also 
increases with time but this is merely'due to attenuation of the amplitude of the 
high frequency oscillations caused by the slow response of the chart recorder. Care 
was taken to achieve the best possible launch efficiency so that as much as possible 
as the light was confined to the core of the fibre and so light should only be absorbed 
in the effective core area. A knowledge of the launched power, fibre absorption and 
other thermal coefficients should allow the'heat equation to be solved giving the 
temperature rise and hence the phase change. If the only contribution to the phase 
change is dT then for small temperature changes the fringe displacement should be 
proportional to the launched power. 
For short fibre lengths the launched power is approximately, equal to the transmit- 
ted power and figure 6.16 shows that the fringe displacement is in fact proportional 
to the transmitted power. The fact that the phase change takes place over several 
seconds means that the nonlinearity is slow which is also suggestive of a thermal 
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Figure 6.10: Example of chart recorder output for a transmitted power of 240 mW 
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Figure 6.11: Fringe displacement against transmitted power 
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effect. In conclusion it would appear that the dominant nonlinearity here is due to 
the temperature induced change in refractive index. 
To obtain the size of the nonlinearity, dT, from these results requires the solu- 
tion of the heat equation with the appropriate boundary conditions for the different 
materials that make up the fibre. It can be assumed that light is absorbed only in 
the effective area of the fibre and that the core and cladding have thermal prop- 
erties which are not significantly different from that of bulk silica. Unfortunately 
information al out the thermal properties of the buffer coating, in this case uv-cured 
urethane acrylate, could not be found, even from the manufacturers, and so the 
calculation was not carried out. 
6.5 Conclusions 
It has been shown in this chapter that phase singularities or dislocations can exist in 
the wavefronts of the optical patterns transmitted by optical fibres. The dislocations 
were found to be screw dislocations and always of first order. Dislocations were 
not found when tran'smitted' mode pattern contain only one fibre mode and the 
necessity for the mixing of fibre modes was shown. This allows interference between 
the contributions from the different modes creating zeros in the intensity of the 
transmitted pattern causing singularities. Increasing the number of fibre modes 
leads to a larger number of dislocations being observed. Due to the fact that the 
creation of dislocations did not depend on laser power or fibre length it was thought 
that the mode-mixing process was linear. "' " 
.. x. . t: b ., -. ý_ 
Chapter 7 
Conclusions 
This thesis has studied both the steady-state and temporal behaviour of SBS in ger- 
mania doped single-mode silica optical fibres. Systems examined included an SBS 
generator, where the SBS was produced by amplification of spontaneous scattering, 
both without and with optical feedback and also an SBS amplifier, where the ampli- 
fication is of a probe signal at the Stokes frequency shift from the pump produced 
elsewhere. 
Calculating a `probe' value from the threshold conditions allows the characteris- 
tics of the SBS and transmitted pump power for the SBS generator to be produced 
using the solutions to the coupled wave equations. These show that both the pump 
and SBS are at their most intense in the first part of the fibre and then decay rapidly. 
SBS can severely attenuate the transmitted pump and the maximum power that can 
be transmitted by a fibre is determined by the effective interaction length and the 
Brillouin gain. The theoretical achieved steady-state behaviour is consistent with 
the experimental data showing that the parameters used, which were also used to 
produce the theoretical temporal behaviour, were correct. Also the fact that the 
steady-state behaviour found here is consistent with that found by others, see for 
example [AGRS9a], shows that the experimental arrangements used provide suitable 
test-beds to examine the temporal response. 
140 
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Adding a cavity around the Brillouin medium has the same effect as increasing 
the Brillouin gain leading to an increase in the SBS conversion efficiency and a 
decrease in threshold'power. 'Apart from this, the steady-state behaviour with and 
without 'cavity was found to be identical, i. e. the shapes of the curves are the 
same in both cases but they are displaced from one another. The reflectivities used 
here were low, only about 3.5% at each end, so that at the pump powers and fibre 
lengths used, a maximum of 500 mW using a 100 m fibre, only first order Stokes was 
produced. Increasing the refiectivity, 'pump power or fibre length sufficiently would 
see the generation of multiple orders of Stokes and anti-Stokes components through 
four-wave mixing [HIL76a]. 
The SBS -amplifier was operated in the saturated regime, where the pump is 
heavily depleted, and the output power was found to vary almost linearly with the 
both the pump and applied probe power. The gains achieved were modest, typically, 
only 100 to 200, but the conversion of pump to SBS was large, for example 75% of 
a 0.5 W pump being converted to SBS using a4 mW probe and a 100 m piece of 
LTI fibre in the amplifier. 
The temporal behaviour of SBS generated from spontaneous scattering without 
feedback using a cw pump was, found to be aperiodic with modulation depths of 
approximately 100%. This was found to be the case under all the operating condi- 
tions investigated; from threshold to ä maximum" pump power of about 4W using 
a variety of different lengths of standard single-mode fibre between 25 m and 300 m 
and also a, 50 m piece_ of polarisation maintaining fibre. Neither oscillatory or dc 
operation was observed. The bandwidth of the power spectra of the SBS. was found 
to be -44 MHz (FWHM) and did not vary with the single-pass gain. The transmit- 
ted pump also behaves aperiodically; the depth of modulation increases with pump 
power and gives a measure of the conversion, efficiency. Tower spectra and phase 
portraits produced from the SBS and transmitted pump signals. are suggestive of 
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chaotic dynamics but no precursor routes to chaos were found. Since this behaviour 
does not depend on feedback, this is an example of open flow, `and the bandwidth of 
the chaotic SBS was found to be independent of the SBS gain it is thought that this 
type of behaviour should occur for-any fibre length at any power above threshold. 
These observations` were the first to find the temporal behaviour of the SBS 
to be aperiodic under conditions of no external reflectivity and where only first- 
order Stokes was generated. These results not only provided the impetus for further 
experimental, research but also for the theoretical analysis, by Lu and Harrison, 
which was carried out in tandem to these experiments. 
Work to determine whether. this behaviour is stochastic or deterministic is contin- 
uing, but similar behaviour, which is deterministic, has been predicted theoretically 
[LU91a]. This was achieved by solving the standard coupled wave equations but 
including terms to account for self- and cross-phase modulation of the light waves. 
These terms were traditionally neglected since the nonlinear dispersion in silica fi- 
bres, and hence the SPM and XPM, was thought to be too " small to effect ý the 
behaviour but this work proves otherwise. - 
Further investigations into the influence 
of stochastic processes (noise) on deterministic behaviour may help to show that the 
SBS dynamics without feedback are truly chaotic. The role of nonlinear dispersion 
alone in promoting the dynamics may be clarified by considering this in the absence 
of SBS; i. e. by operating at- powers below the SBS thieshold. With optical feedback 
such systems are analogous to those considered by Ikeda [NAK83]... -- --; 
An SBS amplifier operating at pump powers below the threshold for amplification 
of spontaneous emission shows no chaotic behaviour and only amplifies the applied 
probe. Above threshold the SBS signal is a mixture of that due to the probe and 
that to spontaneous emission. -As the 3robe power is increased this term dominates 
and eventually the SBS signal has the same appearance as the probe. 
v The purpose of -these, experiments was to attempt' to examine- the response of 
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the SBS signal when the behaviour of the probe signal was known. Unfortunately 
the spontaneous scattering term cannot be removed, unless the system is cooled to 
absolute zero, and hence the true probe was always the combination of the applied 
probe plus spontaneous scattering; Theory predicts only dc behaviour above a 
certain probe value, determined by the pump power, fibre length etc. Unfortunately 
the amplifier can only produce a detectable output which is a mixture of amplified 
spontaneous scattering and amplified probe when the probe is below this value. 
SBS not only limits the power that can be transmitted by an optical fibre but in 
the absence of feedback also causes the transmitted signal to contain a modulated 
portion. If however instead of sending the signal directly down the fibre an SBS 
amplifier was used, then if sufficiently large the signal will show no modulation 
independent of the pump power and will be amplified instead of being attenuated. 
The addition of feedback dramatically changes the temporal behaviour of both 
the SBS and the transmitted pump. The small reflectivities of the cleaved fibre end 
faces, 3.5%, is sufficient to produce sustained and bursting oscillations again in 
both the SBS and transmitted pump signals. Reflections of this size are often found 
in practical systems caused by connectors and-splices as well as bare cleaved fibre 
ends, meaning that the behaviour described below may dominate when SBS occurs 
in such systems. 
At very low reflectivities and pump powers the SBS power spectra are entirely 
broadband and the time series aperiodic. Increasing the gain and phase modulation, 
by either increasing the pump power or cavity, " reflectivity, leads to small peaks 
appearing in the power spectra at the cavity round-trip frequency. These grow as 
- the power or reflectivity is increased. 
At higher reflectivities, such as natural, the SBS -was periodic-even close to 
threshold. As the pump power was increased the, SBS' went, through modulations 
and pulsations to an almost dc state with only occasional short bursts of oscilla- 
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tions. The detailed structure of the time series show groups of round-trip period 
oscillations competing against each other. This leads to some decaying while others 
grow resulting in a highly modulated signal. At low powers there is only one set 
of oscillations but the number increases with power and as many as nine sets were 
observed. If the pump power was increased sufficiently then second-order Stokes 
SBS was produced by four-wave mixing of the SBS reflected from the fibre end and 
the pump. With the onset of second-order Stokes the'temporal behaviour again 
becomes periodic and the depth of modulation increases with pump power. ' Insuf- 
ficient pump powers was available to generate higher-order Stokes frequencies but 
it is thought that this would have been possible using a fibre longer than the 40 m 
used here. 
If instead the cavity reflectivity was varied with the pump power fixed then 
similar results were achieved. Operating the pump above threshold for SBS without 
feedback shows aperiodic behaviour becoming periodic as the cavity reflectivity was 
raised. The temporal behaviour then followed the same route to an almost dc state 
as was found on increasing pump power. It is thought that increasing the reflectivity 
will also lead to the generation of higher order Stokes frequencies if the pump power 
is high enough. These were not found here as the pump power was only 400 mW 
using a'36.5 m piece of LTI fibre with reflectivities of 3.5% at one end and a maximum 
of 20% used at the other. 
Theoretically similar results were achieved showing the importance of the XPM 
and SPM terms in establishing this behaviour. Without these terms only'sustained 
or relaxation oscillations of round-trip period are predicted. 
Brillouin lasers have been produced, both using Fabry-Perot [11IL76a] and optical- 
fibre ring resonator [HIL76b] setups, but little has been said of their temporal be- 
haviour. The work presented in this thesis has shown that the SI3S process, under 
most operating conditions; does not give a dc output and perhaps these system de- 
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serve further investigation. The Fabry-Perot Brillouin laser, which has been shown 
to generate multiple Stokes and anti-Stokes frequencies, is similar to the low reflec- 
tivity resonators studied here and therefore it is thought likely that the output of 
such a laser will only be dc in certain limited operating conditions= In contrast to 
this the I3rillouin ring laser has the Stokes frequency circulating in one direction 
and the pump in the other. Therefore since the two frequencies are not travelling 
in 
the same direction no new frequencies should be produced by four-wave mixing and 
unless the Stokes component becomes intense enough to act as a pump for second- 
order Stokes only these two frequencies will occur. The work above showed a region 
of stable SBS at high pump powers or reflectivity before the onset of second-order 
Stokes. The ring-laser configuration should not allow the production of second-order 
Stokes so perhaps such a system will be stable above certain pump powers and cavity 
reflectivity. 
SBS in multimode fibres has been identified as a means of phase conjugation 
[ROH911 but here also temporal instabilities were found in the conjugate signal. If 
stable operating conditions could be found then this system may be developed into 
a fast, real-time, low-power phase conjugation system therefore extending the work 
carried out here in single-mode fibres to multi-mode fibres may prove valuable. 
Although the work presented here is specific to stimulated Brillouin scattering 
other stimulated scattering processes such as stimulated Raman or stimulated ther- 
mal Rayleigh scattering may yield similar results. These processes are governed by 
equations similar to those of SBS, in the case of stimulated Raman scattering the 
analysis is simplified through adiabatic elimination of the material equation due to 
the large gain bandwidth. Theoretical work, again by Lu and Harrison [LU91b], has 
shown chaotic dynamics to prevail, in the absence of feedback, almost from the onset 
of SRS with no evidence of precursor dynamical scenarios. Again the rich dynamical 
behaviour is a consequence of the interplay between the nonlinear refraction and the 
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In conclusion this thesis provides the first experimental evidence that the tempo- 
ral response of SBS in optical fibres is very seldom dc. In the majority of operating 
conditions, varying both pump power and cavity reflectivity, the SBS is either ape- 
riodic; perhaps chaotic, or periodic, with periods relating to the cavity round-trip 
time, and deeply modulated. 
The final area of research was examining the existence of phase singularities 
in the wavefronts of optical fibres was' investigated. These occur at points in the 
mode pattern where the electric field is exactly equal to zero and the phase is 
undefined. ' The dislocations were found to be screw dislocations and always of first 
order. When the transmitted mode pattern was entirely one mode no singularities 
were found. They were only observed when the pattern was a mixture of at least 
two different modes showing the need for mode mixing. This allows interference 
between contributions from different modes to create the required zeros in intensity. 
Increasing the numbers of fibre modes leads to a larger number of dislocations. The 
creation of dislocations was found not to depend on the fibre length or pump power 
and so the mixing process was thought to be linear. 
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Appendix A 
Fibre Parameters - 
Manufacturer's Data 
Fibre type - SM 450 
Single-mode argon ion fibre - Manufactured by York V. S. O. P. 
Serial No. YD357-01A 
Optics Geometry 
Cut-off Wavelength 460nm Core diameter 3.1µm 
Attenuation 20dB/km at 488nm Cladding diameter 125µm 
Numerical Aperture., 0.11 Coating diameter 244µm 
Optimum Launch Spot-size 3.4µm 
Composition 
Core silica 5 wt% germania 
Inner Cladding phosphorus/fluorine-doped silica 
, yr 
Coating Single coat uv acrylate 
Type - DeSoto 131 
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Fibre type - HB '450 
Hi-Bi argon ion fibre - Manufactured by York V. S. O. P. 
Serial No. YD567-00 
Optics Geometry 
Cut-off Wavelength 430nm Core diameter 2.2µm 
Attenuation 20dB/km at 488nm Cladding diameter 125µm 
Beat length 1.4mm at 633nm Coating diameter 244µm 
Linearly extrapolated to 1.1mm at 488nm` 
Numerical Aperture 0.11 
Optimum Launch Spot-size 3.6 pm 
Composition 
Core silica 5 wt% germania 
Inner Cladding., phosphorus/fluorine-doped silica 
Coating Single coat uv acrylate 
Type - DeSoto 131 
* This value was obtained by linear extrapolation but since the beat length Is a 
function of the two propagation constants, which vary with wavelength, this type of 
extrapolation may not hold for this particular fibre. 
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Fibre type - LTI 
Single-mode HeNe fibre - Manufactured by Lightwave Technology 
Optical fibre F1506C, ID No. T2180CABCA-2 
Optics Geometry 
Cut-off Wavelength 
Attenuation 
Numerical Aperture 
Core refractive index 
Cladding refractive index 
617nm Core diameter 4.8µm 
25dB/km at 514nm Cladding diameter 125µm 
0.11 Coating diameter 250µm 
1.457 to 1.458 
1.453 
Composition 
Core Silica/5% germania 
Cladding Pure fused silica 
Coating uv acrylate 
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